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SECTION I 
INTRODUCTION 
The Quiet  Laser Program was a s tudy  af t h e  methods of achiev ing  
outs tanding  shor t - t e rm frccyiency s t a b i l i t y  i n  gas  l a s e r s .  The program con- 
s i s t e d  of two major t a s k s .  
The f i r s t  i:ask wa, a s tudy of the  f a c t o r s  a f f e c t i n g  the s h o r t -  
term frequency s t a b i l i t y  o i  open-loop l a s e r s .  This phase of the program 
r e s u l t e d  i n  the  des ign  and bui ld ing  of four open-loop s i n g l e  mode d i f f r a c t i o n  
l i m i t e d  lasers. Two of t hese  l a s e r s  were simply thermal ly  s t a b i l i z e d  and 
d e l i v e r e d  t o  Marshal l  Space s l i g h t  Center i n  June, 1966.  They achieved a 
s t a b i l i t y  of a few pa r t s  i n  10 pe r  hour.  The remaining lasers were used 
f o r  t he  work i n  the  second p a r t  of the program. 
9 
The second t a s k  completed during the  Q u i e t  Laser Program w a s  t o  
s l a v e  the  f requencies  of two open-loop l a s e r s  t o  the  resonant  f requencies  of 
two independent  pas s ive  r e fe rence  c a v i t i e s .  The r e s u l t i n g  d r i f t  ra te  w a s  
s u b s t a n t i a l l y  b e t t e r  t h a n  that:  of the open-loop l a s e r s  a lone .  The program 
ended w i t h  t h e  d e l i v e r y  of  two complete s t a b i l i z e d  l a s e r  systems.  
The use  of a pass ive  resonant  c a v i t y  t o  improve the frequency s t a -  
b i l i t y  of a laser i s  analogous t o  using an  e x t e r n a l  c a v i t y  t o  c o n t r o l  the 
frequency of a microwave o s c i l l a t o r .  Because the  pas s ive  c a v i t y  se rves  only 
as a frequency r e fe rence ,  i t  can be designed f o r  t he  s i n g l e  purpose of provid-  
i ng  i n t r i n s i c  s t a b i l i t y .  Unlike us ing  the  l a s e r  i t s e l f  f o r  a frequency r e f e r e n c e ,  
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us ing  an  e x t e r n a l  r e f e r e n c e  does no t  compromise the  s t a b i l i t y  i n h e r e n t l y  
a v a i l a b l e  from the  b e s t  m a t e r i a l s  and s t r u c t u r e s .  
The s t a b i l i t y  of a l a s e r  can be c h a r a c t e r i z e d  by two parameters :  
i t s  l inewidth  and i t s  d r i f t  r a t e .  
c a l  lasers i s  d isp layed  on a panoramic spectrum ana lyze r ,  i c  i s  c b a r a c t e r i z e d  
1 ) ~  a width and a r a t e  of motion ac ross  the  s c r e e n .  The width a t  h a l f  power of 
t h i s  b e a t  s i g n a l  i s  a measure of t he  l i newid th  of t h e  lasers. The movement of 
the c e n t e r  of the  b e a t  s i g n a l  i s  a measure of the  d r i f t  r a t e  of t he  l a s e r s .  
The l inewidth  i s  expressed i n  Hz and the  d r i f t  r a t e  i n  Hz pe r  hour .  
When the  b e a t  f requency between two i d e n t i -  
The open-loop l a s e r s  developed dur ing  t h i s  program had a l i newid th  
of approximately 15 kHz under average room no i se  c o n d i t i o n s .  The d r i f t  r a t e  of 
t h e s e  l a s e r s  when thermal ly  s t a b i l i z e d  was approximately 3 MHz per  hour.  The 
f a c t o r s  which determined t h i s  s t a b i l i t y  a r e  d i scussed  i n  Sec t ion  11. 
The d r i f t  r a t e  of the closed-loop l a s e r s  was about  200 kHz pe r  hour .  
The l inewidth  of 15 kHz remained unchanged. The f a c t o r s  which prevented reduc- 
ing the  l inewidth  by closed-loop feedback i n  these  systems, and the  f a c t o r s  
which determined the  system d r i f t  ra te  are d i scussed  i n  S e c t i o n  111. 
This  program has c o n t r i b u t e d  exper ience  and some new techniques 
i n  the s t a b i l i z a t i o n  of gas  l a s e r s .  Recommendations f o r  f u t u r e  improved s t a b l e  
laser systems us ing  these  techniques  are conta ined  i n  S e c t i o n  V .  
Sec t ion  IV of t h i s  r e p o r t  d e s c r i b e s  t h e  theo ry  and o p e r a t i o n  of 
the closed-loop l a s e r  systems.  These systems c a r r y  t h e  d e s i g n a t i o n  "Exter- 
n a l l y  Cont ro l led  Laser." 
the  equipment and i s  p a r t i a l l y  reproduced as Appendix A.  
An o p e r a t i o n  and s e r v i c e  manual w a s  sh ipped  wi th  
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SECTION I1 
FACTORS INFLUENCING THE STABILITY 
OF OPEN-LOOP GAS LASERS 
Report No. 8639 
The f a c t o r s  i n f luenc ing  the  frequency s t a b i l i t y  of a gas  laser 
may be d iv ided  i n t o  two groups.  The f i r s t  group a r e  those f a c t o r s  which change 
the  mechanical spacing between the  laser r e sona to r  mi r ro r s :  
A. temperature d r i f t  of the r e sona to r  
B.  spontaneous l eng th  changes of t he  r e sona to r  
s t r u c t u r e ;  i nc lud ing  the spacer ,  p i e z o e l e c t r i c  
m i r r o r  pusher,  d i e l e c t r i c  m i r r o r  coa t ings ,  e t c .  
C. r esonant  v i b r a t i o n  of the  s t r u c t u r e  
D. a c o u s t i c a l  microphonic d i s tu rbances  
The second group of f requency-d is turb ing  f a c t o r s  a r e  those  which 
change the  index of r e f r a c t i o n  ( o p t i c a l  path)  between the  mi r ro r s :  
E. pres su re  f l u c t u a t i o n s  and chemical composition 
changes i n  the  a i r  space between the  m i r r o r s  
and plasma tube 
F. convect ion a i r  flow around the Brewster-angle  
windows 
G. plasma no i se  
H. frequency p u l l i n g  and mode i n t e r a c t i o n s  
A .  TEMPERATURE EFFECTS 
The e f f e c t  of thermal d r i f t  i n  t hese  l a s e r s  w a s  measured under 
c o n t r o l l e d  c o n d i t i o n s .  Two open-loop l a s e r s  were o p t i c a l l y  heterodyned while  
11-1 
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thermal ly  s t a b i l i z e d  wi th  a p r o p o r t i o n a l  temperature  c o n t r o l l e r .  
temperature d r i f t  of t h e s e  thermostated lasers was approximately lt0.005°C p e r  
hour.  p e r  'C, one 
would expect  a concomitant b e a t  frequency d r i f t  r a t e  of abou t  1.2 MHz p e r  hour .  
The measured b e a t  f requency showed a monotonic change wi th  a rate of 3 MHz p e r  
hour .  This l a r g e r  than  a n t i c i p a t e d  3-MHz-per-hour d r i f t  rate of t h e  open- 
loop l a s e r s  i s  thus  only i n  p a r t  expla ined  by temperature  induced l e n g t h  
changes i n  the  r e sona to r .  
high-gain se rvo  used i n  t h e  closed-loop systems.  
The r e s i d u a l  
- 7  Because of t he  c o e f f i c i e n t  of expansion of Invar ,  5 x 10 
This  d r i f t  ra te  w a s  l a t e r  g r e a t l y  reduced by the  
B . SPONTANEOUS LENGTH CHANGES 
The o t h e r  causes  of long-term frequency i n s t a b i l i t y  are n o t  y e t  
known. 
of t he  p i e z o e l e c t r i c  mir ror  pushe r ,  
They could p l a u s i b l y  be the  r e s u l t  of m a t e r i a l  aging,  o r  of i n s t a b i l i t y  
Very l i t t l e  i s  known about  t he  i n f i n i t e s i m a l  l e n g t h  changes i n  
m a t e r i a l s  which could cause such very small d r i f t s .  Perkin-Elmer i s  now under 
c o n t r a c t  t o  Advanced Research P r o j e c t s  Agency t o  make a s tudy  of the  long-term 
dimensional s t a b i l i t y  of materials. This  s tudy  may y i e l d  r e s u l t s  u s e f u l  i n  
understanding the  laser i n s t a b i l i t i e s  we now measure. 
C .  RESONANT VIBRATION OF THE STRUCTURE 
The r e sona to r  used i n  these  lasers i n c o r p o r a t e s  two s i g n i f i c a n t  
f e a t u r e s .  I t  i s  shown i n  F igu re  1. 
The f i r s t  f e a t u r e  i s  i t s  "negat ive dumbbell" shape which concen- 
t r a t e s  t he  mass and s t i f f n e s s  n e a r  t he  c e n t e r .  T h i s  c o n f i g u r a t i o n  reduces 
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Figure  1. Laser  Resonator  
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t h e  t r a n s v e r s e  v i b r a t i o n  of t h e  m i r r o r s .  The l o n g i t u d i n a l  ("breathing") 
v i b r a t i o n  resonant  frequency i s  a l s o  r a i s e d  as a r e s u l t  of t h i s  shape. 
The second f e a t u r e  i s  t h e  method of suppor t ing  t h e  r e s o n a t o r .  
The fundamental l o n g i t u d i n a l  v i b r a t i o n  mode of t h i s  r e s o n a t o r  has a node a t  
t h e  midpoint.  The e n t i r e  r e s o n a t o r  s t r u c t u r e  i s  supported a t  t h i s  node. 
i n h i b i t s  e x c i t i n g  of t h e  "breathing" mode by d i s t u r b a n c e s  i n  t h e  suppor t  
s t r u c t u r e  . 
This  
Some measure of the success  of t h i s  des ign  i s  e v i d e n t  from t h e  
f a c t  t h a t  no resonant  v i b r a t i o n  of t h e  s t r u c t u r e  could be d i s c e r n e d  i n  the  
spectrum of t h e  b e a t  between t h e  l a s e r s .  
D . ACOUSTICAL MICROPHONIC DISTURBANCES 
A c o u s t i c a l l y  e x c i t e d  n o i s e  i s  t h e  b i g g e s t  source  of FM d i s t u r b a n c e s  
i n  s i m p l e  helium-neon (He-Ne) lasers of t y p i c a l  c o n s t r u c t i o n .  A c o u s t i c a l l y  
induced noise  l inewidths  of 1 MHz t o  10 MHz are  common i n  many l a s e r s  under 
average room n o i s e  c o n d i t i o n s .  These sound d i s t u r b a n c e s  can e n t e r  t h e  laser  
e i t h e r  through t h e  a i r ,  o r  through t h e  s t r u c t u r e ,  o r  bo th .  The q u i e t  laser  
d e s i g n  has an h e r m e t i c a l l y  s e a l e d  th ick-wal led  housing.  This  housing, i n  
combination w i t h  the  c a r e f u l l y  designed r e s o n a t o r  d e s c r i b e d  above, r e s u l t e d  
i n  a measured l inewidth  due t o  a c o u s t i c a l  d i s t u r b a n c e s  of 15 kHz. The de- 
t a i l e d  l a s e r  d e s i g n  i s  d i s c u s s e d  i n  S e c t i o n  I V .  
E .  PRESSURE FLUCTUATIONS AND CHEMICAL COMPOSITION CHANGES 
Lasers wi th  Brewster-angle  windows on t h e  plasma tube  u s u a l l y  have 
a smal l  a i r  space between t h e  window and t h e  m i r r o r .  Atmospheric p r e s s u r e  
changes r e s u l t  i n  a change i n  index of r e f r a c t i o n  of t h e  a i r  i n  t h i s  gap.  
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I 
T h i s  causes  a change of t h e  l a s e r  frequency. 
f r a c t i o n a l  change i n  the  l a s e r  frequency due t o  t h i s  e f f e c t  i s  equal  t o  the  
It i s  apparent  t h a t  t h e  
f r a c t i o n a l  change i n  the index of r e f r a c t i o n  of  the a i r ,  m u l t i p l i e d  by the  
f r a c t i o n  of t he  c a v i t y  which the  a i r  occupies .  
I where 
i o r  f i x e d  L, 
I 
where 
v = l a s e r  frequency 
r = o p t i c a l  pa th  o f  the a i r  space 
L = geometr ica l  p a t h o f  the  a i r  space 
n = index of r e f r a c t i o n  ( n  = 1.0003) 
f = f r a c t i o n  of c a v i t y  spacing which i s  
a i r  
a i r  space 
P = a i r  p re s su re  - 
During a t y p i c a l  day the  atmospheric p re s su re  may vary by a s  
much as 5 percen t .  I f  10 pe rcen t  of t h e  c a v i t y  spac ing  i s  a i r  space,  t he  
l a s e r  f requency s h i f t s  can be as much as lo3 MHz. To e l i m i n a t e  t h i s  d i s -  
turbance,  t h e  l a s e r  has been hermet ica l ly  s e a l e d  i n  a r i g i d  case .  
Any changes i n  chemical composition o r  d e n s i t y  of t he  a i r  space 
due t o  ou tgass ing  o r  gas  abso rp t ion  i n  the he rme t i ca l ly  s e a l e d  l a s e r  w i l l  
a l s o  change t h e  index of r e f r a c t i o n  i n  the a i r  pa th  between the  m i r r o r s .  
This  e f f e c t  has been observed i n  the r e fe rence  c a v i t i e s  and i s  d i scussed  
i n  S e c t i o n  III. 
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F .  CONVECTION FLOW AROUND BREWSTER WINDOWS 
Because cool ing  of the p lasma tube i s  p a r t i a l l y  by a i r  convect ion,  
the  a i r  i n  the r eg ion  about  the  plasma tube i s  i n  c o n s t a n t  motion. This  a i r  
c u r r e n t ,  i f  al lowed t o  p a s s  i n  the  o p t i c a l  pa th  of the  r e sona to r ,  w i l l  cause 
a low frequency n o i s e .  
s igned  with a i r  c u r r e n t  s h i e l d s  t o  keep the  w a r m  a i r  flow away from t h e  
Brewster-angle  windows a s  i s  shown i n  F igure  2 .  
T o  e l i m i n a t e  t h i s  problem, the  l a s e r s  have been de- 
G .  PLASMA NOISE 
RF pumping of He-Ne l a s e r s  r e s u l t s  i n  d i scha rges  f r e e  from plasma 
o s c i l l a t i o n s .  However, KF tubes have two l i m i t a t i o n s  which precluded t h e i r  
use i n  t h i s  program. 
F i r s t ,  "gas cleanup" ( i r r e v e r s i b l e  drop i n  gas  p re s su re  wi th  t ime) 
s e v e r e l y  l i m i t s  the l i f e  and s t a b i l i t y  of RF e x c i t e d  tubes .  The problem i s  
r e l a t e d  t o  the nonuniformity of pumping caused by l o c a l  "hot  spo t s "  i n  t h e  
v i c i n i t y  of the  e l e c t r o d e s .  
Second, i s  t h e  l i m i t e d  freedom i n h e r e n t  i n  RF tube  des ign .  It i s  
necessary  t o  l o c a t e  e x t e r n a l  e l e c t r o d e s  i n  c l o s e  proximi ty  t o  the bore of 
t he  plasma tube .  
DC pumped plasma tubes do n o t  s u f f e r  from t h e s e  l i m i t a t i o n s .  By 
employing hot  cathodes t o  minimize s p u t t e r i n g ,  they have a long s t a b l e  l i f e .  
DC e x c i t e d  p l a s m a  tubes o f f e r  cons ide rab ly  more f l e x i b i l i t y  i n  tube des ign  
than RF e x c i t e d . t u b e s  do. 
11-6 
PERKIN-ELMER Repor t  No. 8639 
Fig ire 2 .  Plasma Tube and Heat S ink  Assen.-  
With A i r  S h i e l d s  
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We have found t h a t  wi th  reasonable  care ,  DC p l a s m a  tubes  can be 
For these  reasons,  i t  w a s  dec ided  t o  opera ted  f r e e  of plasma o s c i l l a t i o n s .  
use DC exc i t ed  plasma tubes  f o r  t h i s  q u i e t  laser des ign .  
Experience wi th  l a r g e  d ischarge  tubes used i n  the  a rgon- ion  laser 
program a t  Perkin-Elmer suggested t h a t  by employing e l e c t r i c a l l y  i s o l a t e d  metal 
r ings  ad jacen t  t o  the e x c i t e d  p l a s m a ,  i t  would be p o s s i b l e  t o  reduce n o i s e  and 
o s c i l l a t i o n s  i n  the  d i scha rge .  To t e s t  t h i s  hypothes is ,  two small He-Ne p lasma 
tubes were b u i l t .  The tubes had a 2 mm bore and were i d e n t i c a l  excep t  t h a t  
one had e l e c t r i c a l l y  f l o a t i n g  aluminum r i n g s  i n s i d e  the  d i scha rge  tube a d j a c e n t  
t o  the plasma. Both tubes were t e s t e d  f o r  l a s e r  ampli tude n o i s e  a t  va r ious  
c u r r e n t  d e n s i t i e s  and gas  p re s su res  while  connected t o  the  f i l l i n g  s t a t i o n s .  
Contrary t o  our expec ta t ions ,  no s i g n i f i c a n t  d i f f e r e n c e  i n  n o i s e  w a s  observed 
between these small  tubes .  This r e s u l t  was i n  c o n t r a s t  w i th  a n  e a r l i e r  observa-  
t i o n  made on l a r g e r  tubes .  We th ink  t h a t  the  improved performance observed i n  
the  l a r g e  tube was probably due t o  the  l a r g e  e l e c t r i c a l  capac i t ance  between 
a d j a c e n t  r i n g s .  The small tubes made f o r  t h i s  t e s t  had a much smaller capac i -  
tance between ad jacen t  r i n g s .  The i n v e s t i g a t i o n  w a s  n o t  pursued f u r t h e r .  
The submarine type of plasma tube shown i n  F igu re  3 w a s  des igned  
f o r  q u i e t  l a s e r  a p p l i c a t i o n s .  These tubes  r e q u i r e  abou t  5 w a t t s  of cathode 
power and about 2 watts of anode power. It w a s  found t h a t  when e i t h e r  t h e  
anode c u r r e n t  o r  cathode c u r r e n t  t o  t h i s  tube w a s  v a r i e d ,  t h e r e  were ranges 
of both q u i e t  and no i sy  ope ra t ion .  Only one tube among the  many f a b r i c a t e d  
was incapable  of running q u i e t l y  a t  any c u r r e n t  s e t t i n g s .  
ments of t w o  independent lasers showed t h a t  when t h e s e  tubes  are opera ted  i n  
"qu ie t  regions,"  t h e r e  i s  no d i s c e r n i b l e  FM plasma n o i s e  i n  the  ou tpu t .  
Heterodyning e x p e r i  
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F i g u r e  3 .  Plasma Tube 
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H .  FREQUENCY PULLING AND MODE INTERACTIONS 
Dispers ion  and competi t ion e f f e c t s  i n  the  a c t i v e  medium of a gas  
l a s e r  cause the  o p t i c a l  f requency t o  vary wi th  changes i n  laser power and 
p lasma e x c i t a t i o n .  When the  l a s e r  i s  s laved  t o  an e x t e r n a l  f requency refer-  
ence, t he  d i s tu rbances  caused by the  a c t i v e  medium a r e  reduced by high  loop 
g a i n  of the c o n t r o l  system. They do no t  s i g n i f i c a n t l y  a f f e c t  t he  s t a b i l i t y  
of t he  closed-loop l a s e r .  
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EXPERIMENTS AND RESULTS WITH BREADBOARD 
EXTERNALLY CONTROLLED LASERS 
This s e c t i o n  desc r ibes  the  s t a b i l i t y  measurements made on the  
e x t e r n a l l y  c o n t r o l l e d  l a s e r  systems b u i l t  under t h i s  c o n t r a c t ,  and d i s c u s s e s  
the f a c t o r s  which determine t h a t  s t a b i l i t y .  
A .  OPEN-LOOP STABILITY 
The ou tpu t  beams from two l a s e r  systems (running open loop)  were 
o p t i c a l l y  heterodyned and t h e  s t a b i l i t y  of t h e  b e a t  frequency w a s  measured. 
During t h e s e  measurements, t he  l a s e r s  were thermal ly  s t a b i l i z e d  only.  The 
b e a t  f requency w a s  observed t o  have a monotonic d r i f t  of between 2 and 6 MHz 
j’er hour which v a r i e d  from day t o  day. 
The l inewidth  of t hese  open-loop l a s e r s  was approximately 15 kHz. 
Figure 4 i s  a photograph of the b e a t  d i sp layed  on a panoramic spectrum ana lyze r  
rhe h o r i z o n t a l  s c a l e  i s  100 kHz per  d i v i s i o n .  
L;. CLOSED-LOOP STABILITY 
The f i r s t  t i m e  the  closed-loop l a s e r s  were s e t  i n  opera t ion ,  a 
d i s a p p o i n t i n g l y  l a r g e  d r i f t  ra te  of 60 MHz/hour w a s  measured. 
was caused i n  p a r t  by a p res su re  tuning mechanism connected t o  the he rme t i ca l ly  
s e a l e d  r e fe rence  c a v i t y .  This tuning device was then disconnected and the  
c d v i t i e s  evacuated.  The d r i f t  r a t e  of the closed-loop systems immediately 
This d r i f t  ra te  
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H o r i z o n t a l  Sca le :  100 KHz p e r  Division 
F i g u r e  4 .  Beat Spectrum of Open-Loop L a s e r s  
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improved t o  1 / 2  MHz/hour. 
without  being connected t o  the vacuum pumps, the d r i f t  r a t e  i nc reased  t o  
s e v e r a l  MHz pe r  hour, presumably as  a resul t  of ou tgass ing  i n s i d e  the c a v i t y  
housing. An unsuccessfu l  a t t empt  w a s  made t o  "clean" the c a v i t i e s  by baking 
under vacuum a t  80°C. 
could n o t  be baked a t  h igher  temperatures .  The systems were opera ted  t h e r e -  
a f t e r  w i th  t h e  r e fe rence  c a v i t i e s  connected t o  a vacuum pump. 
Later, when the  c a v i t i e s  were he rme t i ca l ly  s e a l e d  
I 
I 
I 
Because of epoxy i n  the  c a v i t y  housing, t hese  c a v i t i e s  
Under cont inuous pumping, the  system d r i f t  r a t e  g r a d u a l l y  improved 
t o  about  200 kHz p e r  hour .  This f i n a l  d r i f t  r a t e  w a s  a f a c t o r  of 15  improve- 
ment over t h e  d r i f t  i n  the  open-loop l a s e r s .  A c h a r t  record ing  of t he  c losed-  
loop l a s e r  f requency versus  t i m e  i s  shown i n  F igure  5. The h o r i z o n t a l  s c a l e  
i s  5 minutes per  d i v i s i o n  and the v e r t i c a l  s c a l e  i s  1.5 MHz pe r  d i v i s i o n .  
C .  EXPERIMENTS TO REDUCE THE LASER LINEWIDTH 
The r e fe rence  c a v i t y  w a s  i l l umina ted  f o r  use as a Lipse t t -Lee  o f f -  
a x i s  d i s c r i m i n a t o r  (desc r ibed  i n  Appendix B ) .  This  o p t i c a l  d i s c r i m i n a t o r  con- 
s i s t s  of an over  i l l umina ted  o f f - ax i s ,  near confocal ,  c a v i t y .  Any change i n  
the  laser frequency r e s u l t s  i n  a change i n  the beam d i r e c t i o n  of the  l i g h t  
t r a n s m i t t e d  by the  c a v i t y .  
A computer a n a l y s i s  was made t o  d e f i n e  the  to l e rances  needed t o  
c o n s t r u c t  a h igh  f inesse o f f - a x i s  confocal  r e sona to r  w i th  a f i x e d  non- 
a d j u s t a b l e  spacer  tube .  Fo r  100-mm radius  mi r ro r s ,  t he  a n a l y s i s  showed t h a t  
t h e  r e q u i r e d  l eng th  to l e rance  i s  ko.002 mm. The complete r e s u l t s  of t h a t  
a n a l y s i s  are inc luded  as Appendix C.  
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Figure  5. S t a b i l i t y  Record of Closed-Loop Systems 
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F a b r i c a t i o n  of t h e  c a v i t y  spacer  t o  t h i s  t o l e r a n c e  proved t o  be 
very  d i f f i c u l t .  The spacers ,  when f i n a l l y  completed, were 15 and 20 microns 
I t o o  s h o r t .  T h i s  spacing e r r o r  l i m i t e d  t h e  c a v i t y  f i n e s s e  t o  30. For t h e  
10-cm m i r r o r  spacing chosen, t h e  f i n e s s e  of 30 produced a c a v i t y  l inewidth  
of 25 MHz. This  l inewidth,  whi le  broader  than  expected, was s t i  1 narrow 
enough t o  reduce t h e  l a s e r  l inewidth  a s  o r i g i n a l l y  planned. 
But, when t h e  wide e l e c t r i c a l  bandwidth servo  loop was closed,  i t  
was found t o  b e  microphonical ly  s e n s i t i v e .  The reason  f o r  t h i s  s e n s i t i v i t y  
was expla ined  by t h e  f a c t  t h a t  i n  a near  confocal  c a v i t y  the resonant  f r e -  
quency depends on t h e  i lLuminat ion geometry, a s  w e l l  a s  t h e  m i r r o r  spacing. 
A 1-i~. t r a n s l a t i o n  of t h e  beam causes  a 25-kHz frequency change. This  micro- 
phonic  s e n s i t i v i t y  increased  t h e  l a s e r  l inewidth  because t h e  c losed  servo  loop 
converted v i b r a t i o n s  of t h e  i l l u m i n a t i o n  s t r u c t u r e  t o  FM i n  t h e  l a s e r  ou tput .  
The e l e c t r o n i c  bandwidth was then  reduced so t h a t  t h i s  microphonic s e n s i t i v i t y  
d i d  no t  broaden t h e  open-loop l a s e r  l inewidth.  
It should s t i l l  be p o s s i b l e  t o  narrow t h e  l i n e w i d t h  of our  q u i e t  
open-loop l a s e r  us ing  a h igh  gain,  wideband servo  re ferenced  t o  a p a s s i v e  
r e f e r e n c e  c a v i t y .  But, a s  t h i s  work shows, t h e  c a v i t y  must be designed f o r  
minimum s e n s i t i v i t y  t o  changes i n  t h e  i l l u m i n a t i o n  geometry. Company-sponsored 
work on a n o t h e r  program t o  develop a n  o p t i c a l  frequency s tandard  has  r e s u l t e d  
i n  t h e  i n v e n t i o n  of a d i s c r i m i n a t o r  which uses  a c a v i t y  under such i n s e n s i t i v e  
i l l u m i n a t i o n  c o n d i t i o n s .  This  d i scr imina tor ,  l i k e  t h e  Lipse t t -Lee  d i s c r i m i n a t o r ,  
a l s o  does n o t  r e q u i r e  modulating t h e  l a s e r  frequency. It i s  descr ibed  i n  
S e c t i o n  V. 
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DESCRIPTION OF THE BREADBOARD SYSTEMS 
This  s e c t i o n  desc r ibes  the  s t a b i l i z e d  laser systems b u i l t  dur ing  
t h i s  program. Although these  systems a r e  c a l l e d  "breadboards," s t a b l e  l a s e r  
c o n s t r u c t i o n  p e r  se r e q u i r e s  cons iderably  more engineer ing  c a r e  than  i s  nor-  
mal ly  expected i n  breadboards.  For t h i s  reason, t h e  "breadboard" lasers de- 
l i v e r e d  t o  Marshal l  Space F l i g h t  Center  approach being f u l l y  engineered  systems,  
Each breadboard system c o n s i s t s  of a system housing and an  e l e c -  
t r o n i c s  module. They can be opera ted  as open-loop lasers, lasers c o n t r o l l e d  
by e x t e r n a l  e l e c t r i c a l  s i g n a l s ,  o r  as closed-loop s t a b i l i z e d  lasers. F igu re  6 
i s  a b lock  diagram showing the  c losed  loop frequency c o n t r o l  system. 
F igu re  7A shows the  i n s i d e  of t h e  system housing. Each system 
housing c o n t a i n s  a s i n g l e  mode He-Ne l a s e r ,  a fused s i l i c a  re fe rence  cav i ty ,  
an  o p t i c a l  t r a i n  f o r  gene ra t ing  t h e  frequency e r r o r  s i g n a l ,  and va r ious  a n c i l l a r y  
o p t i c a l  components. The housings a l s o  conta in  the  senso r  and h e a t e r s  r equ i r ed  
f o r  t h e  two-stage p r o p o r t i o n a l  temperature c o n t r o l l e r .  The l i g h t  o u t p u t  from 
t h e  laser f a l l s  f i r s t  on a b e a m s p l i t t e r  (1) which passes 50 pe rcen t  of t h e  
l i g h t  f o r  e x t e r n a l  use,  and r e f l e c t s  t he  rest of t he  l i g h t  through an  aluminum 
tube  (2) t o  a mi r ro r  ( 3 ) .  This  l i g h t  then i l l u m i n a t e s  t h e  r e sonan t  c a v i t y  ( 4 ) .  
It leaves t h e  c a v i t y  only  f o r  f requencies  nea r  resonance, and then i n  a d i r e c -  
t i o n  dependent  upon i t s  frequency. This  ou tpu t  beam from t h e  c a v i t y  passes  i n  
t u r n  through t h e  s p l i t  p l a t e  (5) and quarter-wave p l a t e  combination, and f i n a l l y  
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through the modulator and tandem p o l a r i z e r  ( 6 )  befo re  being r e f l e c t e d  by a 
m i r r o r  (7)  i n t o  the  pho tomul t ip l i e r  ( 8 ) .  The s p l i t  p l a t e  i s  mounted on a 
movable s l i d e .  A l s o  shown i n  t h i s  photograph (F igure  7A) are the  two 
the rmis to r  br idges  with p r e a m p l i f i e r s  (9 ) ,  t he  s i x  ou te r  case  h e a t e r s  ( l o ) ,  
and the  100-kHz pusher f i l t e r  (ll), and the  vacuum pump connect ion  tube ( 1 2 ) .  
The closed housing i s  shown i n  F igure  7 B .  
Before d i scuss ing  the  ope ra t ion  of the  system i n  more d e t a i l ,  
t he  major components w i l l  f i r s t  be descr ibed:  
A .  LASER 
The r e sona to r  of the helium-neon l a s e r  has a 13.5-cm m i r r o r  spac-  
ing  and two 120-cm-radius-of-curvature m i r r o r s .  This  geometry r e s t r i c t s  t he  
laser o s c i l l a t i o n  t o  the  fundamental t r a n s v e r s e  mode (TEM ) and f o r  most 
tuning condi t ions ,  t o  one a x i a l  mode. The r e f l e c t i v i t i e s  of t h e  m i r r o r s  g r e a t e r  
than 99.9 p e r c e n t  and 99.5 percent ,  have been chosen t o  y i e l d  maximum power ou t -  
pu t  (about 300p watts) from one end of t h e  l a s e r .  
00 
The "submarine" p lasma tube shown i n  F igu re  3 i s  10 c m  long and 
has a bore diameter  of 1 m. I t s  c o n s t r u c t i o n  w i t h  c o n c e n t r i c  i n n e r  and o u t e r  
walls provides  e x c e l l e n t  r i g i d i t y  and a l a r g e  g a s  volume. This  b a l l a s t  volume 
and the  use of a ho t  cathode (reduced s p u t t e r i n g )  provide  f o r  long s t a b l e  tube 
l i f e .  The tubes are f i l l e d  wi th  a s i n g l e  i so tope ,  Ne22 ,  and o p e r a t e  a t  
0 
A = 6328A. 
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The laser r e sona to r  i s  machined from cast  Inva r  which was chosen 
- 7  f o r  i t s  low temperature  c o e f f i c i e n t  (5  x 10 ) per  " C .  The ends have been 
ground f l a t  and p a r a l l e l ,  pe rmi t t i ng  al ignment  of the  c a v i t y  mi r ro r s  wi thout  
angu la r  ad jus tments .  For alignment,  a s m a l l  t r a n s l a t i o n  of t h e  m i r r o r s  i s  
made by s l i d i n g  the end p l a t e s .  Tightening the holding screws then locks  the  
m i r r o r s  s ecu re ly .  This i s  shown i n  F igure  1. The plasma tube i s  he ld  i n  the  
r e s o n a t o r  a t  each end by t h r e e  screws which bear  on Inva r  c o l l a r s  a t t a c h e d  t o  
the  tube .  
The plasma tube i s  e n t i r e l y  surrounded by t h e  copper h e a t  s i n k  and 
a i r  s h i e l d s  shown i n  F igure  2 .  The h e a t  s i n k  i s  thermal ly  and mechanica l ly  
i s o l a t e d  from the  Invar  r e sona to r .  This  enab le s  the  h e a t  genera ted  i n  the  tube 
(about  8 watts) t o  be conducted d i r e c t l y  t o  the  o u t e r  cas ing  wi thout  adve r se ly  
a f f e c t i n g  the r e sona to r .  
The e n t i r e  r e s o n a t o r  s t r u c t u r e  i s  housed i n  a t h i ck -wa l l ed  c y l i n d r i -  
c a l  aluminum case  which has a n t i r e f l e c t i o n  coa ted  windows a t  both  ends .  This  
case  i s  he rme t i ca l ly  s e a l e d  and provides  i s o l a t i o n  of the  l a s e r  a g a i n s t  p r e s -  
s u r e  changes,  This  i s  shown i n  F igu re  8. 
The laser frequency i s  tuned by a p i e z o e l e c . t r i c  t r ansduce r  which 
moves one of t he  m i r r o r s .  This  t r ansduce r  c o n s i s t s  of a s t a c k  of fou r  ceramic 
(PZT 5) wafers, mechanical ly  i n  s e r i e s  and e l e c t r i c a l l y  i n  p a r a l l e l ,  as i s  
shown i n  Figure 9 .  These t r ansduce r s  have a tuning s e n s i t i v i t y  of 3 MHz p e r  v o l t .  
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Figure 8 .  Laser Housing 
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F i g u r e  9.  Laser P i e z o e l e c t r i c  Mi r ro r  Transducer  
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8 .  REFERENCE CAVITY 
The c o n t r o l  systems u s e  the  re ference  element as a Lipse t t -Lee  
o f f - a x i s  d i s c r i m i n a t o r ,  This  d i sc r imina to r ,  desc r ibed  i n  Appendix B, has 
two advantages over  us ing  rlie c a v i t y  as an on-axis  d i s c r i m i n a t o r .  F i r s t ,  
s i n c e  it i s  a c i r c u l a t i n g  r e sona to r  r a t h e r  than  a Fabry-Perot  cav i ty ,  i t  
e l i m i n a t e s  the  problem of back coupl ing between it  and the  l a s e r  c a v i t y .  
Second, because frequency s h i f t s  i n  the  l a s e r  resu l t :  i n  changes i n  the ou tpu t  
beam d i r e c t i o n ,  i t  i s  n o t  necessary  t o  modulate the  l a s e r  frequency over  the  
resonance (as i n  the  "Lamb D i p t t  se rvo)  t o  gene ra t e  an e r r o r  s i g n a l .  This i s  
important  f o r  the many a p p l i c a t i o n s  where an unmodulated ou tpu t  frequency i s  
d e s i r e d .  
The r e fe rence  c a v i t y  i s  a fused s i l i c a  s t r u c t u r e  wi th  a mi r ro r  
: epa ra t ion  of 10 cm. I t  i s  of t h e  same genera l  shape ("negat ive dumbbell") 
a s  the  l a s e r  r e sona to r .  A ho le  has been d r i l l e d  along the  a x i s  f o r  the  l i g h t ,  
and t o  the  o u t s i d e  t o  connect the  i n t e r i o r  o p t i c a l  pa th  between the  mi r ro r s  
wi th  o u t s i d e  p r e s s u r e .  This resonator  i s  shown i n  F igu re  10. 
The i n i t i a l  p l an  f o r  bu i ld ing  t h i s  r e sona to r  was t o  o p t i c a l l y  
c o n t a c t  t h e  m i r r o r s  t o  thk- ends of the  spacer .  Unfor tuna te ly ,  we then found 
t h a t  t he  o p t i c a l - g r a d e  klls2d s i l i c a  m i r r o r s  could no t  be con tac t ed  t o  the  
s i l i c a  s p a c e r  which was more c o a r s e l y  tex tured .  We were forced  t o  epoxy the  
mi r ro r s  t o  the  spacer  i n  a manner similar t o  t h a t  used f o r  a t t a c h i n g  Brewster-  
a n g l e  windovs t o  l a s e r  p !d :ins tubes .  
The r e sona to r  i s  i s o l a t e d  wi th in  an  aluminum housing similar to ,  
b u t  s h o r t e r  than .  t h a t  u>ed around the  l a s e r .  Both end f aces  of the  housing 
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have a n t i r e f l e c t i o n  c0att .d windows f o r  l e t t i n g  l i g h t  i n  and o u t  of t he  r e s o n a t o r .  
This  housing i s  he rme t i cc i l l y  sea l ed  and an evacuat ion  f i t t i n g  i s  brought  ou t  t o  
the ou te r  ca se .  
C .  OPTICAL TRAIN FOR D E R I V I N G  ERROR SIGNAL 
I 
A Lipse t t -Lde  o f f - a x i s  d i sc r imina to r  r e s u l t s  i n  a change of ou tput  
beam d i r e c t i o n  when the  frequency of t h e  beam changes. This  change i n  beam 
d i r e c t i o n  i s  converted t o  a f-requency e r r o r  s i g n a l  by the  o p t i c a l  t r a i n  shown 
i n  F igure  11. 
Light  leaving the  r e sona to r  i s  d iv ided  v e r t i c a l l y  i n t o  two or thog-  
o n a l l y  p lane  po la r i zed  co~iponents ,  shown i n  F igure  11, by a s p l i t  p o l a r i z a t i o n  
r o t a t i n g  p l a t e .  These components t hen  pass through a quarter-wave r e t a r d a t i o n  
p l a t e  and a r e  t ransformed t o  r i g h t  and l e f t  c i r c u l a r l y  p o l a r i z e d  components. 
The phase modulator produces two or thogonal ly  p lane  p o l a r i z e d  components which 
a r e  swi tch ing  a t  the modulation frequency. The i n t e n s i t y  of each component 
depends on the  i n t e n s i t y  oi: the  l i g h t  t ransmi t ted  by each h a l f  of the s p l i t  
p l a t e  and t h e  phase of t he  modulation cyc le .  The l i g h t  then passes through a 
l i n e a r  p o l a r i z e r  o r i e n t e d  a t  45 degrees  t o  the  plane p o l a r i z e d  components. 
I f  equa l  amounts of l i g h t  a r e  pass ing  through t h e  ha lves  of t he  
s p l i t  p l a t e ,  t h e r e  w i l l  be no r e s u l t i n g  i n t e n s i t y  modulat ion during the  course 
of t h e  modulat ion cyc le .  I f  more l i g h t  i s  passing through one ha l f  of t he  s p l i t  
p l a t e  t hen  t h e  o ther ,  t h e r e  w i l l  be an i n t e n s i t y  modulation. The phase of the  
i n t e n s i t y  modulat ion with r e s p e c t  t o  the  modulator d r i v e  s i g n a l ,  i s  determined 
by which h a l f  of the s p l i t  p l a t e  i s  t r ansmi t t i ng  more l i g h t .  The l i g h t  now 
I V -  11 
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f a l l s  on an RCA 8645 p h o t o m u l t i p l i e r .  A l l  the  inLormaEion needed t o  d e r i v e  
the frequency error  s i g n a l  i s  contained i n  the photonr.l l t ip1ier o u t p u t  c u r r e n t .  
The modulator c o n s i s t s  of  a 2-1/2-cm x 2-crn x 1 - c m  s o l i d  block of I 
I 
fused  s i l i c a  t o  which i s  cemented a p i e z o e l e c t r i c  wafer,  d r i v e n  a t  t h e  mechani- 
c dl resonance frequency.  Driving t h e  block a t  i t s  mtlchanical resonance p e r m i t s  
e x c i t a t i o n  of a v i b r a t i o n 1 1  mode using only a smal l  alnount of power. The v i b r a -  
t i c a  of t h i s  block r e s u l C s  i n  a l t e r n a t e  compression and expansion along axes 
i ~ e r p e n d i c u l a r  t o  t h e  l i g h t  pa th .  This  causes a s t r a i n  induced b i r e f r i n g e n c e  
which v a r i e s  a t  t he  100 lcHz modulation frequency. 
D. ELECTRONICS MODULE 
The e l e c t r o n i c s  module conta ins  t h e  l a s e r  l -nwLr  supp I ies,  tempera- 
t l i r e  c o n t r o l l e r  e l e c t r o n i c s ,  the s e r v o  system f o r  s l a v i n g  the  laser t o  t h e  
p d i s i v e  c a v i t y ,  and v a r i o u s  power s u p p l i e s  used f o r  t h t  e n c i r e  system. The 
e - c c t r o n i c s  module i s  shown i n  F igure  1 2 .  The uppermost pane l  c o n t a i n s  t h e  
piasma tube power s u p p l i e s  which a r e  c o n t r o l l e d  by th t  adjustments  on t h e  
I ( n d  pane l  from t h e  top .  The second panel from t h e  top c o n t a i n s  t h e  photo- 
l u l t i p l i e r  power supply.  The t h i r d  panel  from t h e  t o p  conta ins  t h e  photo- 
i n u l t i p l i e r  power s u p p l y  and i s  a d j u s t e d  by i t s  b u i l t - i n  c o n t r o l .  The f o u r t h  
p d L i e l  from t h e  top c o n t a j n s  the  propor t iona l  temperatuie  c o n t r o l l e r s .  D i r e c t l y  
1)Eneath the  temperature  c o n t r o l l e r s  i s  the s e r v o  e l e c t r o n i c s  p a n c l .  This  pane l  
i s  hinged a t  t h e  bottom and opens f o r  adjustments  which are d e s c r i b e d  i n  t h e  
o p e r a t i n g  i n s t r u c t i o n s .  The lowest two panels  on the  module a r e  t h e  1 5 - v o l t  
21 ,d  300-vol t  s u p p l i e s ,  common t o  t h e  e n t i r e  system. 
I 
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The se rvo  e l e c t r o n i c s  package c o n s i s t s  o r  tlie fo l lowing  c i r c u i t r y :  
1. 100 lrHz modulator d r i v e  o s c i l l a t o r  
2. Synchronous d e t e c t o r  with a c a r r i e r  frequency o f  
100 kHz, and bandwidth of approximately 1 Hz 
3 .  Driver a m p l i f i e r  which i s  used t o  a c t u a t e  t h e  
p i e z o e l e c t r i c  m i r r o r  t r ansduce r  i n  t h e  l a s e r  
4 .  Switching c i r c u i t s  t o  s e l e c t  each o f  t h e  t h r e e  
modes oi: ope ra t ion  p rev ious ly  desc r ibed  
F igu re  13 i s  a schematic diagram of t i e  s e rvo  e l e c t r o n i c s  system. 
The s e r v o  e l e c t r o n i c s  system has  been designed f o r  low n o i s e  and 
I ium,  and sma l l  DC d r i f t .  The range  o f  the  s e r v o  system (+300 MHz) i s  adequate 
t o  s l a v e  t h e  l a s e r  t o  t h e  r e f e r e n c e  c a v i t y  f o r  a pe r iod  of s e v e r a l  days wi thou t  
r e s e t t i n g  t h e  l a s e r  f requency.  De ta i l ed  c i r c u i t  d e s c r i p t i o n s  were d e l i v e r e d  
wi th  t h e  systems.  
E. THERMAL CONTROL 
Temperature r e p u t a t i o n  of the  l a s e r  housing and t h e  r e f e r e n c e  
c a v i t y  i s  accomplished by a two-stage (tandem) p r o p o r t i o n a l  c o n t r o l l e r .  The 
Cirst s t a g e  adds about 50 w a t t s  of  power t o  t h e  l a r g e  e x t e r n a l  system hous ing  
t o  r a i s e  i t s  tempera ture  aborit 1 5 ° C  above t h e  ambient. The second s t a g e  adds 
an a d d i t i o n a l  10  w a t t s  d i r - c t l y  t o  t h e  small  r e f e r e n c e  c a v i t y  enc losu re  t o  
r a i s e  i t s  tempera ture  about  1 0 ° C  above the  sur rounding  housing tempera ture .  
The amount of h e a t  added t o  each s t a g e  v a r i e s  i n  i n v e r s e  p ropor t ion  t o  t h e  
t empera tu re  measured by s e p a r a t e  s enso r s .  The r e s i d u a l  tempera ture  d r i f t  i s  
probably  about  t0.005"C per hour .  
of  t h e  t h e r m i s t o r  s enso r s ,  and i n  p a r t  by r e s i d u a l  thermal  g r a d i e n t s .  
Th i s  i s  caused i n  p a r t  by i n s t a b i l i t i e s  
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F.  SYSTEM OPERATING CHARACTERISTICS 
S t a b l e  ope ra t ion  r e q u i r e s  t h a t  temperature  r e g u l a t i o n  be e s  tab-  
l i s h e d .  The l a s e r s  r e q u i r e  about  24 hours t o  come t o  thermal equ i l ib r ium.  
For  open-loop mode opera t ion ,  t he  l a s e r s  can be manually tuned (p i ezo -  
e l e c t r i c a l l y )  by the  manual tuning c o n t r o l  on the  s e r v o  e l e c t r o n i c s  pane l .  
This  c o n t r o l  i s  a t e n - t u r n  poten t iometer  and has a range of about  1800 MHz 
(1.5 o rde r s ) .  A f t e r  changing the s e t t i n g  of t h i s  c o n t r o l ,  i t  i s  necessa ry  t o  
w a i t  s e v e r a l  minutes u n t i l  the  s m a l l  r e s i d u a l  d r i f t  i n  t h e  l a s e r s  (caused by 
l a g  i n  the p i e z o e l e c t r i c  t r ansduce r s )  d i s s i p a t e s .  This  d r i f t  i s  n o t  s i g n i f i -  
c a n t  when the  l a s e r s  a r e  opera ted  i n  the  c losed- loop  mode. 
The l a s e r s  can a l s o  be c o n t r o l l e d  by e x t e r n a l l y  a p p l i e d  e l e c t r i c a l  
s i g n a l s .  I n  t h i s  mode, the  l a s e r  frequency i s  determined by both  the  manual 
tuning c o n t r o l  and the  dc coupled e x t e r n a l  e l e c t r i c a l  s i g n a l  i n  combination. 
The s e n s i t i v i t y  t o  e x t e r n a l  s i g n a l  i s  30 MHz p e r  a p p l i e d  v o l t .  Vol tages  as 
h igh  as F10 v o l t s  can be used. AC s i g n a l  f r equenc ie s  up t o  1 kHz can be used.  
The closed-loop mode of o p e r a t i o n  uses  a s e r v o  system wi th  a h igh  
DC loop ga in  which drops 1 2  db pe r  oc tave  t o  u n i t y  a t  approximately 1 Hz. It 
i s  necessary  t o  keep the  r e fe rence  c a v i t i e s  connected t o  a vacuum system and 
t o  main ta in  a p res su re  below 10 microns.  There i s  a vacuum f i t t i n g  on the  
system housing f o r  t h i s  purpose.  The s teps  r e q u i r e d  t o  c l o s e  t h e  s e r v o  loop 
are descr ibed  i n  Appendix A .  
While the  l a s e r s  a r e  ope ra t ed  i n  t h e  c losed - loop  mode, they can 
s t i l l  be p i e z o e l e c t r i c a l l y  tuned Over a narrow range by t h e  s e r v o  tun ing  con- 
t r o l  on the se rvo  e l e c t r o n i c s  pane l .  This  c o n t r o l  i s  a t e n - t u r n  po ten t iome te r .  
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It can tune the  l a s e r  over a range of +5 MHz from the  c e n t e r  frequency of 
t he  c a v i t y  resonance. 
I 
This  form of s t a b i l i z e d  l a s e r  system has an unmodulated output  
frequency which i n c r e a s e s  i t s  usefu lness  f o r  many a p p l i c a t i o n s .  
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SECTION V 
RECOMMENDATIONS BASED ON THIS STUDY 
The Perkin-Elmer approach t o  making a s t a b l e  leser system i s  f i r s t  
t o  make an open-loop l a s e r  of t he  h ighes t  p r a c t i c a l  s t a b i l i t y .  The frequency 
of t h i s  l a s e r  i s  
fe rometer )  which 
s t a b i l i t y .  
The 
then s laved  t o  the resonance of a pas s ive  c a v i t y  ( i n t e r -  
has been s p e c i f i c a l l y  designed f o r  e x c e l l e n t  sho r t - t e rm 
i m i t a t i o n s  imposed by the broad atomic l inewidth  and i n h e r e n t  
s t r u c t u r a l  i n s t a b i l i t i e s  i n  the helium-neon l a s e r ,  make i t  p o s s i b l e  t o  b u i l d  
a l a s e r  system with b e t t e r  shor t - te rm s t a b i l i t y  by us ing  an e x t e r n a l  r e f e r e n c e  
element .  
towards s t i l l  more s t a b l e  laser systems using e x t e r n a l  r e fe rence  elements .  
We have learned  from t h i s  program t h a t  t h i s  approach i s  sound, and t h a t  many 
The systems developed t o  d a t e  should be cons idered  as a f i r s t  s t e p  
I a s p e c t s  of t h i s  f i r s t  system can be much improved. 
The d r i f t  rate of the c losed- loop  l a s e r s ,  while  s i g n i f i c a n t l y  
b e t t e r  than  the  b e s t  open-loop l a s e r s ,  i s  l i m i t e d  by the  i n s t a b i l i t i e s  of the  
r e f e r e n c e  element .  Within the  scope of the program w e  were unable t o  develop 
more s t a b l e  c a v i t i e s .  We be l i eve  t h a t  f u r t h e r  engineer ing  of r e f e r e n c e  elements  
w i l l  s u r e l y  r e s u l t  i n  t h e  development of more s t a b l e  s e a l e d  c a v i t i e s ,  A l i n e -  
wid th  of 1 MHz should be r e a l i z e d  i n  these c a v i t i e s .  
To da te ,  no one has r epor t ed  success  i n  reducing the  high-frequency 
d i s t u r b a n c e s  i n  a reasonably  q u i e t  l a s e r  by us ing  a wide e l e c t r i c a l  bandwidth 
v- 1 
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c o n t r o l  s y s t e m ,  To make such a system w i l l  r equ i r e  an o p t i c a l  d i s c r i m i n a t o r  
which i s  not  microphonical ly  s e n s i t i v e .  I t  i s  a l s o  d e s i r a b l e  t h a t  any o p t i c a l  
d i sc r imina to r  n o t  r e q u i r e  modulation of e i t h e r  the  l a s e r  f requency o r  t he  
r e f e r e n c e  c a v i t y  resonant  f requency.  
A new o p t i c a l  d i s c r i m i n a t o r  which s a t i s f i e s  t he  requirements  above 
should  soon be a v a i l a b l e .  This d i s c r i m i n a t o r  i s  based on the  r a p i d  phase s h i f t  
of t he  l i g h t  t r ansmi t t ed  by a pass ive  c a v i t y  nea r  resonance ,  
F igure  14 shows the  o p t i c a l  t r ansmiss ion  through a r e sonan t  c a v i t y  
as a func t ion  of frequency. F igu re  15 shows the  o p t i c a l  phase s h i f t  as a 
f u n c t i o n  of f requency of the  l i g h t  pass ing  through the  i d e n t i c a l  r e sonan t  
c a v i t y .  Unlike the t r ansmi t t ed  i n t e n s i t y ,  t he  phase s h i f t  i s  an t i symmetr ica l  
about  t he  resonance c e n t e r .  This  phase s h i f t  can be used t o  gene ra t e  a f re -  
quency e r r o r  s i g n a l  and thus avoid  modulating e i t h e r  the  l a s e r  o r  c a v i t y .  
The pass ive  r e fe rence  element used i n  a phase s e n s i t i v e  d i sc r im-  
i n a t o r  can be a l a rge - rad ius  m i r r o r  c a v i t y  i l l u m i n a t e d  on a x i s .  For a con- 
f i g u r a t i o n  of t h i s  type,  t he  resonant  f requency i s  r e l a t i v e l y  una f fec t ed  by 
the l a s e r  i l l umina t ion  geometry. 
T o  make a d i s c r i m i n a t o r  which i s  s e n s i t i v e  t o  the  phase s h i f t  
through a resonant  cav i ty ,  i t  i s  necessary  t o  provide  a r e fe rence  l ightbeam 
which l a t e r  i n t e r f e r e s  with the l i g h t  from t h e  c a v i t y .  
fe rometer  (Mach-Zehnder) can be used as the  necessa ry  phase measuring b r i d g e .  
One b r idge  arm con ta ins  a pas s ive  c a v i t y  i l l u m i n a t e d  on a x i s .  The o t h e r  a r m  
s e rves  as the phase r e fe rence  and c o n t a i n s  t h e  modula tor .  Phase d i f f e r e n c e s  
then r e s u l t  i n  i n t e n s i t y  v a r i a t i o n s  which can be d e t e c t e d  by a p h o t o c e l l .  
A two-arm i n t e r -  
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An experimeat  t o  gene ra t e  the  r equ i r ed  Lrequency e r r o r  s i g n a l  us ing  
‘ 1  br idge  of t h i s  type was periormed. A d e s c r i p t i o n  of the  experiment i s  found 
i n  Appendix D, a p r e p r i n t o f  correspondence t o  be publ i shed  i n  the December 1966 
.J< u rna l  of Quantum E l e c t r o n i c s .  
A d i f f i c u l t y  i n  mdking a low no i se  con t ro l  system i s  the common 
need f o r  t he  system t o  m i n - a l n  i t s  con t ro l  of the  l a s e r  f requency f o r  per iods  
a s  long a s  1000 hours .  The c l i i f t  r a t e  of the open l o o p  l a s e r s  developed i s  
about  3 MHz p e r  hour .  A lase;  frequency c o n t r o l  system should,  t h e r e f o r e ,  
have a range of 3000 M H L .  ‘1’h.z dynamic range of e l e c t r o n i c  devices  must n o t  
r e s t r i c t  the des ign  of such  a se rvo  system. The requirements  O F  a s e rvo  
system a r e  t h a t  the  noise  2nd hum modulation i t  in t roduces  on the  l a s e r  be 
small compared t o  the s t a b i l i t y  t h a t  i s  des i r ed .  For a wide bandwidth system 
Lhis could be  100 Hz. This would r e q u i r e  t h a t  t h e  n o i s e  of a s e r v o  system be 
3 x of i t s  range.  This  i s  d i f f i c u l t  t o  o b t a i n  i n  a s i n g l e - s t a g e  system. 
A s o l u t i o n  t o  t h i s  problem i s  t o  use  a two-speed s e r v o  system. 
C q e  narrow band loop has the  3OOO-MHz tuning range des i r ed ,  bu t  i t  need have 
~ i i l y  a low bandwidth above D C .  The second wideband s e r v o  loop has a h igh  f r e -  
quency response b u t  needs only a l i m i t e d  tuning range.  
A redesigned open-loop l a s e r  with two independent  pushers,  each 
c o n t r o l l e d  by a s e p a r a t e  a m p l i f i e r  i n  a wuofer-tweeter combination, can be 
used with t h e  two-speed system. Experiments wi th  p i e z o e l e c t r i c  pushers  used 
r e c e n t l y  show t h a t  some types can be used t o  f requencies  as high as 30 kHz. 
We recommend t h a t  a second gene ra t ion  of s i g n i f i c a n t l y  improved 
e x t e r n a l l y  s t a b i l i z e d  lasers be developed. On the  b a s i s  of t he  exper ience  of 
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t h i s  program and o t h e r  programs a t  Perkin-Elmer, we b e l i e v e  t h a t  i t  i s  p r a c t i -  
cab le  t o  reduce the  l i newid th  of a laser t o  1000 Hz ( 3  parts  i n  LO ) and a l s o  
reduce the d r i f t  r a t e  by employing an improved system such as the  one desc r ibed .  
12  
A diagram of such a feedback c o n t r o l  system employing t h i s  phase 
comparison d i s c r i m i n a t o r  and a two-speed se rvo  system i s  shown i n  F igu re  16.  
The t h e o r e t i c a l  s h o t  n o i s e  l i m i t e d  s t a b i l i t y  t h a t  can be achieved wi th  a system 
of t h i s  type f o r  a d e t e c t o r  bandwidth, B, i s  der ived  t o  be approximately:  
where 
AV = sho t  no i se  s t a b i l i t y  l i m i t  
P = laser power 
6 v  = l inewidth  of c a v i t y  
c = quantum e f f i c i e n c y  of the  pho tode tec to r  
For the  fol lowing parameters, t h i s  t h e o r e t i c a l l y  b e s t  s t a b i l i t y  is:  
P = 100 microwatts 
v = 5 x 1 0  
8 = 5 x 1 0  
6v = lo6 Hz 
14 
-2 
B = 2 5  kHz 
- - -- - . 
Av = 50 Hz 
The technology developed i n  making e x t e r n a l  c o n t r o l  systems f o r  
helium-neon l a s e r s  can be a p p l i e d  t o  s imi la r  systems f o r  o t h e r  kinds of l a s e r s  
a s  we l l .  
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I 
OPEFATION AND SERVICE MANUAL FOR 
THE EXmRNALLY CONTROLLED LASER- 
INTRODUCTION 
T'ie e x t e r n a l l y  c o n t r o l l e d  l a s e r  system c o n s i s t s  of  a s i n g l e  mode 
'1elium-Yeon l a s e r ,  cl p a s s i v e  r e s o n a n t  c a v i t y ,  and t h e  e l e c t r o n i c  
1:esonance. The l a s p r  hous ing  and e l e c t r o n i c s  module a re  connected 
Loqether by t h e  suppli6:d cable. Each laser hous ing  c o n t a i n s  t h e  
l a s e r ,  t h e  r e f e r e n c 2  c a v i t y ,  t h e  a n c i l l i a r y  o p t i c a l  components f o r  
j e n % r a t i n g  a f requency  d i s c r i m i n a n t ,  t h e  phGtomu1tipl ier  t u b e ,  and 
two se t s  o f  t h e r m i s t o r  b r i d g e s  and h e a t e r s .  The e l e c t r o n i c s  
module c o n t a i n s  t h e  ser J J O  e l e c t r o n i c s ,  two p r o p o r t i o n a l  t empera tu re  
c o n t r o l l e r s ,  t h e  plasma t u b e  power s u p p l i e s ,  a.id t h e  power s u p p l i e s  
r e q u i r e d  t o  o p e r a t e  t h e  e l e c t r o n i c s .  The purpose of t h i s  manual 
i s  t o  supply  t h e  i n f o r m a t i o n  necessary  t o  o p e r a t e  and ma in ta in  
i r c u i t r y  r e q u i r e d  t c  s l a v e  t h e  laser f requency  +IO t h e  c a v i t y  
h z s e  sys tems.  The exper iments  c a r r i e d  o u i  under t h i s  program and 
formal  d e s c r i p t i o n  of t h e  sys tems des igned  Fnd b u i l t  t he reunde r  
i re  con ta ined  i n  t h e  f i n a l  r e p o r t  of t h i s  z o n t r a c t .  
SPECIFICATIONS 
t 'jLr o u t p u t  power - 
PILtrLe of p o l a r i z a t i o n  - 
Laser  wavelength - 
Lpen Loop D r i f t  Rate* - 
CL.3sed Loop D r i f t  Ra te  ** - 
L i  r,ewidth* - 
- * 
T y 2 i c a i  l a b o r a t o r y  measurements. 
120 microwat t s  
e l e c t r i c  v e c t o r  v e r t i c a l  
6328a 
5 mHz/H?? 
20 0 kHz/HR 
20 kHz 
** 
Refe rence  c a v i t i e s  under vacuum. 
I n p u t  power - 115 VAC-SINGLE PHASE - 3 A .  
Warm-up Time - 2 4  hour s .  
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111. SYSTEM DESCRIPTION - LASER HOUSING 
F i g u r e  1 i s  a photograph of  t h e  i n s i d e  of  t h e  Laser Housing. 
The l i g h t  o u t p u t  from t h e  laser f a l l s  f i r s t  on a beam s p l i t t e r  
which passes  50% of t h e  l i g h t  f o r  e x t e r n a l  u s e  and r e f l ec t s  t h e  
res t  of t h e  l i g h t  t h r u  an aluminum tube2  t o  a mi r ro r3 .  Th i s  
l i g h t  then  i l l u m i n a t e s  t h e  r e s o n a n t  c a v i t y 4 .  
o n l y  f o r  f r e q u e n c i e s  near  r e sonance ,  and t h e n  i n  a d i r e c t i o n  
dependent upon i t s  f requency .  This  ou p u t  beam from t h e  c a v i t y  
p a s s e s  i n  t u r n  through t h e  s p l i t  p l a t e  and q u a r t e r  wave p l a t e  
combination and f i n a l l y  t h r u  t h e  modulator and tandem p o l a r i z e r  
b e f o r e  be ing  r e f l e c t e d  by a mi r ro r7  i n t o  t h e  p h o t o m u l t i p l i e r  . 
The s p l i t  p l a t e  i s  mounted on a moveable s l i d e .  A l s o  shown i n  
t h i s  photogra h (F ig .  1) are  t h e  two t h e r m i s t o r  b r i d g e s  w i t h  
preampl i f ie rs ’  t h e  s i x  o u t e r  case h e a t e r s ” ,  and t h e  100 kH 
pusher f i l t e r ’ l .  The r e f e r e n c e  cavi ty  hous ing  i s  connected t o  
t h e  vacuum pump f i t t i n g  by a s h o r t  s e c t i o n  o f  t ub ing12 .  
d i f f e r i n g  a d a p t o r s  a re  s u p p l i e d  w i t h  t h e  system f o r  connec t ing  
a vacuum pump t o  t h i s  f i t t i n g .  
I t  l e a v e s  t h e  c a v i t y  
6 
5 
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S e v e r a l  
F i g u r e  2 i s  a photograph o f  t h e  laser hous ing  w i t h  t h e  cover  on. 
I t  shows t h e  f i v e  connec to r s  a t t a c h e d .  Whenever removing t h i s  
cover  it i s  i m p o r t a n t  t o  make s u r e  t h a t  t h e  O-ring which makes 
t h e  a c o u s t i c a l  seal i s  k e p t  c l e a n .  When r e p l a c i n g  two c o v e r s  
n o t e  t h a t  t h e  sys tems a r e  numbered and t h e  c o v e r s  are  n o t  i n t e r -  
changeable .  Snap clamps should be r e l e a s e d  o r  t a k e n  up  i n  
r o t a t i o n .  
I V .  SYSTEM DESCRIPTION - ELECTRONICS MODULE 
The e l e c t r o n i c s  module i s  shown i n  F i g u r e  3 .  The power cord  i s  
shipped d isconnec ted  from t h e  rear and i s  connected w i t h  a t w i s t  
l o c k  connec tor .  The uppermost p a n e l  c o n t a i n s  t h e  plasma t u b e  
power s u p p l i e s  which a r e  c o n t r o l l e d  by t h e  a d j u s t m e n t s  on t h e  
second panel  from t h e  top .  The c o n t r o l s  on t h e s e  s u p p l i e s  are 
normal ly  l e f t  on and need n o t  be used f o r  s h u t  down and s t a r t  up. 
The t h i r d  pane l  from t h e  t o p  c o n t a i n s  t h e  p h o t o m u l t i p l i e r  power 
supply  and is  a d j u s t e d  by i t s  b u i l t  i n  c o n t r o l .  Note: Even 
thouqh t h e  f r o n t  pane l  b i n d i n q  p o s t s  o f  t h e  plasma t u b e  anode 
supply  and p h o t m u l t i p l i e r  supply  are n o t  used t h e y  s t i l l  carry 
h i q h  v o l t a q e s .  The f o u r t h  pane l  f r o m  t h e  t o p  c o n t a i n s  t h e  
p r o p o r t i o n a l  t empera tu re  c o n t r o l l e r s .  D i r e c t l y  b e n e a t h  t h e  
tempera ture  c o n t r o l l e r s  is t h e  s e r v o  e l e c t r o n i c s  pane l .  Th i s  
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panel  i s  hinged a t  t h e  bottom and opens f o r  a d j u s t m e n t s  which 
d rc  d e s c r i b e d  i n  d e t a i l  i n  a l a t e r  s e c t i o n .  ?lie lowes t  two 
pdnels  on t h e  module are  t h e  1 5  v o l t  and 300 v o l t  s u p p l i e s ,  
common t o  t h e  e n t i r e  system. The supply vol t .aqes  can  be 
measured u s i n g  t h e  t e s t  p o i n t s  on t h e  f r o n t  pane l .  The i n t e r -  
connec t ing  c a b l e s  t o  t h e  laser head p lug  d i r e c t l y  i n t o  t h e  s i x  
connec to r s  on t h e  f r o n t  o f  t h e  module. Each o f  t h e s e  connec to r s  
i s  unique excep t  f o r  t h e  h i g h  v o l t a g e  p h o t o m u l t i p l i e r  and anode 
connec to r s  which a re  le t te r  coded. 
V .  START-UP PROCEDIRE 
The i n s t r u c t i o n s  i n  t h i s  s e c t i o n  assume t h a t  t h e  o p t i c a l  a l ignment  
s e t  and locked befor,. shipment i s  s t i l l  c o r r e c t .  It  should  sel-  
don be n e c e s s a r y  t o  ad;ust  t h e  o p t i c a l  a l ignmen t ,  b u t  i n  t h e  case 
of  need t h e  r e a l i g n n e n t  procedure  is  d i s c u s s e d  i n  a l a t e r  s e c t i o n .  
The sequence below shouid  be fol lowed when s t a r t i n g  from a f u l l y  
shutdown c o n d i t i o n .  
1) A f t e r  connecti.irJ t h e  s i x  c a b l e s  betwcen t h e  laser 
hous ing  and e l z c t r o n i c s  module, t u r n  on t h e  back 
door  c i r c u i t - b r e a k e r  and t h e  AC swi tch  on t h e  
P h i l b r i c k  R-1OCB (300 v o l t )  power supply .  Th i s  
s w i t c h  i s  shown as S1 i n  f i g u r e  4 .  TI- , is  t u r n s  on 
t h e  vacuum t u k e  h e a t e r s  i n  t h e  s e r v o  a m p l i f i e r  
and t h e  h e a t e r  c u r r e n t  s u p p l i e s  f o r  t h e  i n t e r n a l  
( r e f e r e n c e  c a v i t y )  and e x t e r n a l  ( laser  hous ing)  
ovens.  The oven c u r r e n t  meters  ( M 7  and M 8  i n  
f i g u r e  5 )  should then  r e a d  a b o u t  75% and 50% 
r e s p e c t i v e l y  of f u l l  scale.  
2 )  Turn on t h e  AC swi t ch  of t h e  P h i l b r i c k  PR-300R 
(15 v o l t )  supply  shown i n  f i g u r e  4 as  S2. T h i s  
t u r n s  on t h e  t h e r m i s t o r  b r i d g e s  of t h e  propor-  
t i o n a l  temper=ltL-re c o n t r o l l e r s .  When f i r s t  
t u r n i n g  t h e  systerr  on t h e  oven c u r r e n t  meters i n  
f i g u r e  5 should  show f u l l  o u t p u t  s i n c e  t h e  s e n s o r s  
w i l l  be c a l l i n g  f o r  maximum h e a t .  I t  is impor t an t  
t o  t u r n  on t h e  912sma tube  and p h o t o m u l t i p l i e r  
vol tage before w a i t i n g  f o r  t empera tu re  e q u i l i b r i u m  
because  t h e s e  components a r e  s u b s t a n t i a l  h e a t  
s o u r c e s  w i t h i n  t h e  laser  housing. It  i s  n o t  neces-  
sary t o  u s e  S 3  e x c e p t  f o r  app ly ing  t h e  +15 v o l t s  t o  
t h e  f r o n t  t e s t  p o i n t s ,  Note: t h e  oven t i m e  f o r  
a s y m p t o t i c  e q u i l i b r i u m  i s  about  2 4  hour s .  
- 
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3 )  Turn on t h e  AC swi t ch  i n  t h e  plasma t u b e  c o n t r o l l e r  
panel  l a b e l e d  S3 i n  f i g u r e  6 .  
t h i s  pane l  and on t h e  ca thode  c u r r e n t  supply  (Kepco 
ABC 7.5-2111) w i l l  go on. A d j u s t  t h e  ca thode  c u r r e n t  
c o n t r o l  R1 i n  f i g u r e  6 f o r  a ca thode  c u r r e n t  of  1 . 6  
amps. The ca thode  c u r r e n t  i s  i n d i c a t e d  on M1 shown 
i n  figure 7 .  
The p i l o t  l i g h t  on 
( S e l e c t o r  s w i t c h  S s  s e t  t o  c u r r e n t ) .  
4 )  A f t e r  t h e  ca thode  h a s  been r e c e i v i n g  1.6 amps f o r  
about  30 seconds t h e  p i l o t  i n d i c a t o r  on t h e  anode 
c u r r e n t  (Kepco ABC 1500m) supply  should  l i g h t .  The 
anode c u r r e n t  supply  i s  wired  through a p r o t e c t i o n  
c i r c u i t  which s h u t s  it o f f  u n l e s s  t h e  ca thode  supp ly  
i s  on,  and t h e  c u r r e n t  i s  greater t h a n  1.5 amps. 
The v o l t m e t e r  on t h e  anode supp ly  (M2 i n  f i g u r e  7 )  
should r e a d  f u l l  scale a t  t h i s  t i m e .  
5 )  Turn t h e  anode c u r r e n t  c o n t r o l ,  R2 i n  f i g u r e  6 f u l l y  
c lockwise and p r e s s  t h e  s t a r t  b u t t o n ,  S4 i n  f i g u r e  
6 t o  i g n i t e  t h e  plasma tube.  A f t e r  t h e  t u b e  i s  
i g n i t e d ,  a d j u s t  R2 f o r  a n  anode c u r r e n t  o f  3 mA 
i n d i c a t e d  on t h e  anode  c u r r e n t  meter M3 i n  f i g u r e  6. 
6 )  Turn on t h e  p h o t o m u t l i p l i e r  power supply  (Kepco ABC 
1500m) and a d j u s t  i n i t i a l l y  f o r  1000 v o l t s .  T h i s  i s  
i n d i c a t e d  i n  M4 of  f i g u r e  8. 
7 )  Switch t h e  mode s w i t c h  on t h e  s e r v o  pane l  t o  t h e  
e x t e r n a l  p o s i t i o n .  T h i s  is S5 shown i n  f i g u r e  9 .  
8 )  Turn on t h e  DC swi t ch  of  t h e  P h i l b r i c k  R100-B (300 
v o l t )  supp ly  shown a s  S i n  f i g u r e  4. The manual 
t un ing  c o n t r o l  (R3 i n  f i g u r e  9 )  can now be used t o  
p i e z o e l e c t r i c a l l y  t u n e  t h e  laser f requency .  This 
c o n t r o l  w i l l  t u n e  t h e  l aser  a b o u t  2 .5  o r d e r s  
(1,500 MC per  o r d e r )  over  i t s  f u l l  r a n g e .  
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I n  t h i s  o p e r a t i n g  mode, t h e  sys tems can  now be 
used a s  open loop lasers w i t h o u t  f u r t h e r  ad jus tmen t .  
When t h e  mode swi t ch  i s  i n  t h i s  e x t e r n a l  p o s i t i o n  
t h e  e x t e r n a l  i n p u t  connec tor  (J1 i n  f i g u r e  9 )  can 
be used t o  c o n t r o l  t h e  laser f r equency  e l e c t r i c a l l y .  
The i n p u t  s i g n a l  goes th rough  a g a i n  of l O & l O O  v o l t  
range) l i n e a r  a m p l i f i e r  and i s  a p p l i e d  t o  t h e  p iezo-  
e l e c t r i c  pusher i n  t h e  laser.  The e x t e r n a l  i n p u t  
connector  i s  a l s o  used for  sweeping t h e  laser  f r equency  
f o r  v a r i o u s  a p p l i c a t i o n s  i n c l u d i n g  t u n i n g  ad jus tmen t  
of t h e  s e r v o  system. Th i s  l a s t  u s e  is  d e s c r i b e d  below. 
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T h c  fo l lowinq  S teps  are r e q u i r e d  f o r  t h e  ad jus tmen t  
of t h e  s e r v n  e1;Sctronics and should  be made w i t h  an  
o s c i l l o s c o p e .  T h e s e  adjustments are  made w i t h  t h e  
mode swi t ch  i n  t h o  e x t e r n a l  p o s i t i o n .  
Connect a n  I : ;? i l loscope t o  t h e  o s c i l l a t o r  t e s t  
p o i n t  (J2 i l  ; i % p r e  9) .Using  a s h o r t  screw d r i v e r  
a d j u s t  t h e  modulator t u n i n g  c a p a c i t o r  ( C  on c i r -  
c u i t  board  l O O j  f o r  maximum 100 k c  s i g n a f .  This  
c a p a c i t o r  i s  accessible through t h e  hinged f r o n t  
of t h e  s e r v ~  panel .  The adjus tment  l o c a t i o n  i s  
shown i n  f i g u r e  10. 
A d j u s t  t h e  manual t un ing  c o n t r o l  (R3 i n  f i g u r e  9 )  
f o r  maximum phototube c u r r e n t  i n d i c a t e d  on M5 i n  
f i g u r e  9. 
t h e  manual t u n i n g  c o n t r o l  r e a d j u s t  t h e  photo- 
m u l t i p l i e r  Lol tage  f o r  a phototube c u r r e n t  of 100 LA. 
With t h i s  c u r r e n t  h e l d  a t  maximum by 
Slowly rock  t h e  manual t un ing  c o n t r o l  abou t  t h e  
maximurn photo tube  c u r r e n t  p o s i t i o n .  A d e f l e c t i o n  
( p o s s i b l y  m a l l )  w i l l  be s e e n  on t h e  e r r o r  s i g n a l  
meter M6 i n  f i g u r e  9.  
c a p a c i t o r  (C4 - f i g u r e  1 0 )  f o r  maximum d e f l e c t i o n s .  
Ad jus t  t h e  modulator t u n i n g  
When t h e  mania1 t u n i n g  c o n t r o l  i s  now tuned a b o u t  
t h e  resonance  t h e  e r r o r  s i g n a l  meter should  sweep 
over  a lmost  i t s  e n t i r e  range .  Th i s  meter i s  now 
r e a d i n g  t h e  ou'-,put s i g n a l  of  the demodulator s t a g e .  
Th i s  v o l t a g e  i s  a v a i l a b l e  f o r  e x t e r n a l  measurement 
th rough t h e  riemadulator t es t  p o i n t  (J4 i n  f i g u r e  9 ) .  
I f  t h e  d e f l e c t i m -  i s  n o t  symmetrical abou t  z e r o  it 
i s  an  i n d i c a t i o n  of an  o p t i c a l  misal ignment .  
r e a l i g n m e n t  w i l l  b e  d i scussed  e l sewhere .  
O p t i c a l  
To c l o s e  t h e  s e r v o  loop, t u n e  t h e  laser  through a 
'-:smance (with R3)  and when t h e  e r r o r  s i g n a l  is  
ilea-- z e r o  s w i t c h  t h e  mode swi tch  (S5 )  t o  t h e  s e r v o  
p c s i t i o n .  The e r r o r  s i g n a l  meter w i l l  now r e a d  nea r  
z'-ro and t h e  S ~ X V O  l o o p  is  c losed .  On s w i t c h i n g  t o  
t h e  sei-vo mode, t h e  e r r o r  s i g n a l  meter now r e a d s  t h e  
f i n a l  o u t p u t  of  t h e  s e r v o  e l e c t r o n i c s  i . e . ,  t h e  
c o r r e c t i o n  s i g n a l  b e i n g  a p p l i e d  t o  t h e  laser pusher .  
The meter i s  now read  +lo0  v o l t s  which i s  t h e  r ange  
of t h e  s e r v o  system. T h i s  is  equa l  t o  approximate ly  
- t-600 mHz of l a s e i  f requency .  To tes t  s imply f o r  c l o s e d  
l o o p  lock ,  s lowly  t u r n  t h e  manual t u n i n g  c o n t r o l R 3 ,  and 
watch  f o r  a cor responding  c o r r e c t i o n  v o l t a g e  t o  appear  
M6 on t h e  e r r o r  s i g n a l  meter: 
- 
5 
14)  connec t  t h e  o s c i l l o s c o p e  t o  t h e  s i g n a l  a m p l i f i e r  
test p o i n t  (J3 i n  f i g u r e  9 ) .  I n  t h e  c l o s e d  l o o p  
mode a d j u s t  t h e  s e r v o  t u n i n g  c o n t r o l  (R i n  f i g u r e  
9 )  f o r  minimum 100 k c  s i g n a l .  Lock t h e  d i a l .  The 
laser i s  now locked t o  t h e  c e n t e r  o f  t h e  c a v i t y  
resonance .  Note t h e  R4 d i a l  r e a d i n g .  To t u n e  t h e  
laser  f requency  away from c a v i t y  resonance  i n  t h e  
c losed  loop  (servoed)  mode t h e  s e r v o  t u n i n g  can  
be  unlocked and used t o  t u n e  t h e  laser  abou t  +5 
mHz.After such u s e  reset  t o  t h e  p r e v i o u s l y  noted  
d i a l  i e a d i n g  and lock  t h e  d i a l  aga in .  
4 
V I .  OPTICAL ALIGNMENT 
When t h e  e r r o r  s i g n a l  meter (with t h e  mode swi t ch  i n  t h e  e x t e r n a l  
p o s i t i o n )  shows a n  asymmetr ical  d i s c r i m i n a n t  o p t i c a l  misal ignment  
i s  i n d i c a t e d .  The f requency  e r r o r  s i g n a l  is  g e n e r a t e d  by measur- 
i n g  t h e  p o s i t i o n  of t h e  e x i t  beam from t h e  r e s o n a t o r .  Consequent ly ,  
changes i n  t h e  o p t i c a l  components which change t h e  p o s i t i o n  o f  t h i s  
beam w i t h  r e s p e c t  t o  t h e  s p l i t  p l a t e  w i l l  change t h e  d i s c r i m i n a n t .  
When p r o p e r l y  a l i g n e d  t h e  e x i t  l i g h t  from t h e  r e s o n a t o r  c o n s i s t s  
o f  two s p o t s  i n  a h o r i z o n t a l  p l ane .  These s p o t s  move h o r i z o n t a l l y  
when t h e  laser is tuned near  t h e  c a v i t y  r e sonance .  For a d e s c r i p -  
t i o n  of  t h e  o p t i c a l  d i s c r i m i n a t o r  see appendix 2 .  When p r o p e r l y  
a l i g n e d  t h e  i n t e r s e c t i o n  o f  t h e  s p l i t  p l a t e  f a l l s  nea r  t h e  c e n t e r  
o f  one of t h e  s p o t s ,  when t h i s  s p o t  is  a t  maximum i n t e n s i t y .  When 
t h e  laser  f requency  changes t h e  s p o t  moves from one s i d e  o f  t h i s  
i n t e r s e c t i o n  t o  t h e  o t h e r  g e n e r a t i n g  t h e  f requency  e r r o r  s i g n a l .  
Only t h e  s p o t  c o n t a i n i n g  t h e  s p l i t  p l a t e  i n t e r s e c t i o n  i s  r e f l e c t e d  
by t h e  second mi r ro r  i n t o  t h e  p h o t o c e l l .  
The technique  of  a l ignment  i s  f i r s t  t o  make t h e s e  s p o t s  appear  i n  
a h o r i z o n t a l  p l ane .  Th i s  i s  best  accomplished by a p p l y i n g  a 5 
scan  p e r  second sweep t o  t h e  laser  f r equency  u s i n g  t h e  e x t e r n a l  
i n p u t  i n  t h e  e x t e r n a l  mode. T h i s  sweep may be o b t a i n e d  from t h e  
sawtooth  o u t p u t  from a Tek t ron ix  o s c i l l o s c o p e .  A 50 kR r e s i s t o r  
should be used between t h e  sawtooth  o u t p u t  from t h e  o s c i l l o s c o p e  
and t h e  e x t e r n a l  i n p u t  connec tor  on  t h e  s e r v o  e l e c t r o n i c s  p a n e l .  
With t h e  laser  f requency  b e i n g  swept  t h e  ad jus tmen t  screws on t h e  
beam s p l i t t e r  mount and f i r s t  m i r r o r  mount are  used t o  i l l u m i n a t e  
t h e  r e s o n a t o r  on a x i s .  I n  t h i s  c o n d i t i o n  t h e  o u t p u t  s i n g l e  s p o t  
w i l l  b l i n k  on  and o f f ,  b u t  w i l l  n o t  move i n  any d i r e c t i o n .  A f t e r  
t h i s  c o n d i t i o n  is  ob ta ined  t h e  h o r i z o n t a l  ad jus tmen t  of t h e  beam 
s p l i t t e r  mount is used t o  change t h e  o u t p u t  t o  t h e  two s p o t  mode. 
I t  w i l l  be observed t h a t  t h e  two s p o t s  move h o r i z o n t a l l y  as  t h e  
6 
I 
I f requency  is  swept. The i l l u m i n a t i o n  i s  proper  when t h e  s p o t s  are 
making t h e  maximum h o r i z o n t a l  t r a v e l  d u r i n g  t h e  sweep. 
A f t e r  t h e  s p o t s  are moving i n  a h o r i z o n t a l  p l ane  t h e  s p l i t  p l a t e  
i s  a d j u s t e d  so t h a t  a d a r k  band appea r s  v e r t i c a l l y  i n  one s p o t .  
i s  impor t an t  t h a t  o n l y  t h e  s p o t  c o n t a i n i n g  t h e  dark band f a l l s  
on t h e  phototube.  Th i s  ad jus tment  completes t h e  v i s u a l  p a r t  o f  
t h e  a l ignment  procedure ,  t h e  f i n a l  a l ignment  r equ i r e s  moni tor ing  
I 
I This  s p o t  i s  aimed a t  t h e  photo tube  w i t h  t h e  second m i r r o r .  It  
~ 
I 
I of  t h e  e lec t r ica l  s i g n a l s .  
A f t e r  go ing  through b o t h  t h e  s t a r t  up procedure  and t h e  v i s u a l  
a l ignment  connec t  t h e  o s c i l l o s c o p e  t o  t h e  s i g n a l  a m p l i f i e r  t e s t  
p o i n t  (J3 on f i g u r e  9 ) .  
c a v i t y  r e sonance  a t  a 20 s c a n  per  second r a t e  a trace as  shown 
i n  f i g u r e  11 should  appear .  It may be necessa ry  t o  a d j u s t  t h e  
manual t u n i n g  c o n t r o l  so t h e  resonance  f a l l s  w i t h i n  t h e  sweep. 
I f  t h e  envelope  is  larger on one s i d e  of  t h e  z e r o  c r o s s i n g  t h a n  
t h e  o t h e r  t h i s  can be r e c t i f i e d  by r e a d j u s t i n g  t h e  s p l i t  p l a t e  
p o s i t i o n .  The v e r t i c a l  scale o f  f i g u r e  11 i s  1 v o l t / d i v .  
A s  t h e  laser  f requency  is  swept p a s t  t h e  
A f t e r  o b t a i n i n g  a t race s i m i l a r  t o  f i g u r e  11 connect  t h e  o s c i l l o -  
scope t o  t h e  demodulator t e s t  p o i n t  (J4 i n  f i g u r e  9 ) .  
s imilar  t o  t h a t  shown i n  figure 1 2  should appear .  The v e r t i c a l  
scale o f  f i g u r e  1 2  is 0.2 v o l t s / d i v .  The s p l i t  p l a t e  i s  f i n a l l y  
a d j u s t e d  so  t h a t  t h i s  d i s c r i m i n a n t  is symmetr ical  abou t  z e r o .  
A t race 
The f i n a l  s t e p  i n  t h e  o p t i c a l  a l ignment  procedure i s  t o  t i g h t e n  
t h e  s e t  s c r e w s  on t h e  beam s p l i t t e r  and mi r ro r  mounts w h i l e  
watching  t h e  demodulator trace. This i s  necessa ry  t o  make s u r e  
t h e  m i r r o r  and beam s p l i t t e r  ad jus tmen t s  d o n ' t  move when b e i n g  
locked .  
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Laser Wavelength Stabilization with a Passive Interferometer 
Morley S. Lipsett and Paul H. Lee 
A control system has been devised for st,abiliairig the outprit wavelength of a laser by reference to an 
external passive optical element. This element, consisting of two spherical mirrors, forms an off-axis 
resonator that, when broadly illuminated by a laser beam, furict,ions as a wavelength-sensitive dis- 
criminator. The stabilization control loop is closed by using a sigrial from this discriminator to tune the 
laser by moving ohe of its mirrors with a piezoelectric transducer. The error signal is proportional to 
changes in wavelength of the incident laser beam and is derived from the discriminator without deliberate 
frequency or amplitude modulation of the laser The optical arrangement, does not return any light in 
t,hc direction of the source and thus avoids wavelength pulling due to spurious reflections. Two in- 
dependent helium-neon lasers operating at  6328 d were stabilized against a common reference inter- 
ferometer using this system. Their relative stability was studied by heterodyning the two outputs and 
analyzing the beat spectrum. Each feedback loop had a gain of 60 dB a t  dc falling off t,o 46 dB a t  200 
r / s  and to 20 dB a t  2 kc/sec. The resulting wavelength stability was about AA/A = 2 X The 
residual instability was mainly owing to room noise occurring at freqaencies above the response of the 
feedback loops. 
This paper describes a method to improve the wave- 
length stability of lasers using an optical analog of micro- 
wave-oscillator stabilization techniques.'P2 The authors 
employ an interferometer that consists of two spherical 
mirrors as a stable and resonant optical pathlength 
reference external to the laser. The interferometer is 
completely passive and can be designed for high &, 
for intrinsic stability, and for isolation from thermal 
and acoustical disturbances. 
Our stabilization techniaue takes advant2g.e of whnt 
happens when spherical-mirror interferometers of a 
special class are over-illuminated off axis. An inter- 
laced mode pattern is set up evidenced by two bright 
spots on one of the mirrors and two bright lines on the 
other as shown in Fig. 1. When the wavelength of the 
incident illumination changes by an amount Ah, the 
spots remain stationary but the lines move apart or 
together depending on the sign of the change, and the 
angle of the transmitted beam becomes an extremely 
sensitive function of wavelength. This effect is the 
basis for an optical discriminator built as shown in Fig. 
2 using a beam-dividing prism, two photomultipliers, and 
a differential amplifier. From changes in angular posi- 
tion of the transmitted beam, an analog electrical signal 
is obtained proportional to Ak/L This signal is amp- 
lified and applied to a piezoelectric transducer to con- 
trol the mirror spacing of the laser source. When 
- 
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adequate loop gain is provided, the length of the laser is 
stabilized against the interferometer reference. 
As shown in Fig. 3, the interferometer comprises two 
identical spherical mirrors, M1 and A i z ,  a t  a near con- 
focal spacing of R + E ,  where R is the radius of curva- 
ture of the mirrors and E is a small additional separation 
(in practice, negative). A laser beam is focused to a 
point P2 on hiz. It is incident off axis on MI, and there 
i t  illuminates a patch of diameter, d. An incident ray 
vAIuuIu r l l b t i ~ ~ ~ l ~ ~ ~ ~ e i e r  a b  a point, Fl, and undergoes 
reflection at  points P2, PB, and P, before returning to a 
point, Pj, near P1. The optical path length between PI 
and Pz is 11, and the subsequent path lengths are likewise 
denoted 12, 13, and 14, respectively. An axis is formed by 
a line connecting the two centers of curvature. We 
define Y1,2.. .5 as the normal distances of the respective 
points P,,z...j from this axis. The observed mode dis- 
tribution requires that (a) P6 coincide with PI, (b) the 
axis be a line of symmetry, and (e) the total optical 
path be an integral number of wavelengths, N ,  of the in- 
cident beam. Therefore, 
,,n+,.m + L -  : - .L. .  r 
Y1 = Ys = YB 
Yp = Y4 
k + (2 (3 f 14 
2(11 + 1 2 )  = NA, (1) 
where N is of order 4R/h .  
When these relations are combined and expressed 
exactly in terms of R and E ,  one obtains N h  = 2 [ ( F  - 
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Fig. 1 .  Illust,rat,ion of interlaced mode pattern used for the 
stabilization t,echnique. 
Fig. 2. Illustratioii of ai1 optical discrimiliator using an  over- 
illuminated spherical-mirror iriterferoineter. 
I 
Fig. 3. Iriterferoiiieter ray dingraiil. 
2 ~ 1 ~ 2 ) " '  + ( F  + 2Y1Y2)'/'], where 
F = 3R* + €2 - 2& 
+ a(& - R') ( ( Y ' / Z  + $/%) + 2R2(aB1/') (2)  
= 1 - ( Y I / & ) ~ ,  and @ = 1 - (YdR) ' .  
A further condition is imposed by the reflection angles 
a t  the mirrors and constrains the values of e. The 
resonator parameters that we used justified the follow- 
ing approximation : 
3 Y ~ / Y ~  - - 2n4(yl~y,~ + 2 e ~ ~ 1 2 ) - 1  AX/X - 108 AX/L (3)  
Note from Figs. 1, 2 ,  and 3 that this resonator has the 
characteristic property of a circulator and does not re- 
turn any of the incident light beam on itself. In 
this way, the laser is isolated from the interferometer, 
and problems of optical feedback are avoided. 
Two independent lasers were slaved to a ('oninion 
passive interferometer of the type described. The 
arrangement used is illustrated schematically in Fig. 4 ; 
a photograph of the actual setup is shown in Fig. 5 .  
The laser plasma tubes arc mounted with the Brewster 
angle windows facing horizontally in one case and verti- 
cally in the other. As a result, the output beams hnvr 
perpendicular planes of polarization. These beams arc 
made collinear with n mirror and a beam splitter. Half 
of this superposed light is used to illuminate the inter- 
ferometer. The other half passes through a Polaroid 
filter oriented a t  45' to both planes of polarization and, 
on detection by a photodetector, is used to monitor the 
spectrum of beats between the  laser^.^^^ 
The back surface of each i ~iterfcrometer mirror is 
curved to  funrtion ns a positivc lens which foousrs an 
incident p:~rallcl beam on the far mirror. 
Transmitted light is separated by n cnlrite prisni, and 
the constituent beams lead to  sep ra t e  beam-dividing 
prism, photomultipliers, and differential amplifiers, as 
shown in Fig. 4. The two resulting error signals are 
amplified by a pair of high-voltage operational ampli- 
fiers and drive the transducers that tune each laser, 
respectively. In this way, both lasers are stabilized 
with negligible interaction in closed-loop fashion against 
exactly the same path length in the interfcrorneter. 
This establishes an identical mean wavelength for both 
lasers and, therefore, a beat spectrum centered a t  dc. 
However, one laser can be offset slightly with respect 
to  the other by a lateral adjustment of one of the beam- 
dividing prisms. This allows the beat spectrum to be 
shifted up in frequency to where a low-frequency 
panoramic spectrum analyzer can be used conveniently. 
The lasers used for this work furnishoseveral hundred 
microwatts in a single mode a t  6328 A and consist of 
dc-excited He-Ne plasma tubes and external mirrors ar- 
ranged as shown in Fig. 4. 
Each laser was tuned by changing the spacing of its 
mirrors with a piezoelectric transducer. The trans- 
ducers consisted of staclted PZT-5 (Clevite) wafers used 
in the thickness-expande; mode, and tuned the lasers 
by an amount AA - 10-4 h ( A v  - 10 Rlc/scc) per applied 
volt. 
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Fig. 4. Schematic diagram showing two independent lasers slaved 
to a common passive interferometer. 
The reference interferometer mirrors were held by an 
open Invar frame. At slightly less than the confocal 
spacing of 10 cni, they supported the requisite mode 
pattern. The interferometer was adjusted to be reso- 
nant over a frequency range of about 24 R/Ic/sec with a 
nominally plane incident beam of 1.5 mm diam. The 
values of Y 1  and Y z  were 1.5 mm (at the center of the 
incident beam) and 0.5 mm, respectively, and E was 
estimated from Eq. (3) to  be about -0.1 mm. 
An error signal was derived from each beam-dividing 
prism with two EA119592 B photomultiplier tubes and a 
modified Tectronix Type D differential amplifier. 
When the transducers were driven open loop with a 
sawtooth voltage, these signals took the shape of a fa- 
miliar discriminator curve. An oscilloscope photograph 
is reproduced in Fig. 6 to illustrate this behavior. The 
bottom trace is the voltage applied to one of the 
transducers (vertical sensitivity = 10 V/division) . The 
upper trace is the output from the respective differential 
amplifier (5  V/division). Measured in terms of the laser 
frequency changes represented by the lower trace, the 
slope of the steep part of the discriminator curve 
is approximately 1 V (Ric/sec) -1. The peak-to-peak 
range of the discriminator is about 24 Mc/sec. 
The stabilization loops were closed with modified 
MEPCO ABC 1500 M power supplies which acted as 
high-voltage operational amplifiers and which brought 
the net gain of each loop up to about 60 dB a t  de. It 
was found that troublesome phase shifts occurred in the 
loops beyond a few kilocycles per second owing to 
mechanical resonances in the transducer assemblies. 
For this reason, break points were introduced a t  the 
inputs to the transducers which cut the loop gain by 
14 dB a t  200 c/s and 40 dR a t  2 kc/sec. As a result, 
the loops were closed only between dc and relatively low 
audio frequencies. 
When closing the loops one could watch the system 
drift into lock, a t  which time the interlaced mode pat- 
tern in the interferometer \\-as clearly visible. Then 
the lasers would behave as sensitive microphones. 
Fig. 6. Oscilloscope photogr:ipIi of tliscriui1in:ltor c.h:2i,ncterist,ics. 
The upper trace shows the output of one of the discriminators for 
a linear change in wavelength of the incident laser beam (pro- 
duced by applying a ramp signal, shown in  the lower trace, to t,he 
laPer transducer). The slope of the central part of the discrim- 
inator curve is ahout 1 V/(lIc/sec). 
One could literally whisper to the lasers and observe 
voice niodulations on the error signals caiired by the 
induced frequency fluctuations. 
A typical recaord of the bent rpcctrum as displayed by 
a low-frequency panoramic spectrum analyzer is shown 
in Fig. 7. The width at  half-n~asimum was on the order 
of 100 lcc/sec. Some of this width was because of 
electrical noise ill the loopr, but most was caused by 
high-frequency sound outside the bandwidth of the 
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Fig. 7. Photograph of beit  spectrum. IIorizoritnl scale (from 
right to left) 0-500 kc/bec (peak st right is due to mrtlyzer im- 
balance at de) ,  sweep time 0.5 \ec, I i i i c i r  vertic:il scale. 
feedback loops. This was seen by examining the feed- 
back error signals, which were found to contain fre- 
quency components mostly between dc and 10 kc/sec. 
The spectrum of the error signals correlated well with 
voice and other sources of sound in the room. On the 
other hand, the effect of sound below about 200 c/s 
was observed to  be strongly degenerated by the loop 
gains around the lasers. 
From knowledge of the beat spectrunl we can infer 
that the relative wavelength stability of the lasers was 
about AA/A = 2 x 10-lo. 
The authors cannot infer similarly the absolute stabil- 
ity of the lasers in this instance since the interferometer 
was not protected from ambient temperature changes. 
It is interesting to  note, however, that the interferometer 
was open to  the atmosphere and acted as a true wave- 
length-in-air reference. As a result, the lasers were 
tuned to a constant wavelength irrespective of baro- 
metric pressure variations. The range of conipensation 
for pressure variation using this kind of arrangement is 
limited, in general, by the tuning range of the laser. 
The authors are grateful to G. W. Stroke who con- 
tributed to an early phase of this work, to C. E. Theall 
for his important sharc in the electronic design and 
construction, and to TI. n. Harris mho carried out a de- 
t:ded :tnalysis (not yet published) of the over-illumi- 
nnted-mode behavior. The authors have had the 
benefit of many helpful discussions with J. G. Attwood 
and wish to acknowledge his encouragemcnt nntl tl i-  
rertion of the work reported in this paper. 
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RETRACING RAYS IN A NEAR C0,WOCAL RESOXATOR 
Duncan B. H a r r i s  
Perkin-Elmer Corp - 
T h i s  work i s  an e x t e n s i o n  of  t h e  a n a l y s i s  c a r r i e d  o u t  i n  a 
pii;x I of Morley S. L i p s e t t  and Pau l  H.  L e e  1 . 
The problem cons ide red  i s  t h a t  of  two s p h e r i c a l  m i r r o r s  of 
c c - ~ ~ l  r a d i u s  R,  p l a c e d  a t  a n e a r l y  confoca l  c o n i i g u r a t i o n  (see f i g .  1) 
A cc,,n~.- of l a s e r  l i g h t  e n t e r s  a t  one m i r r o r  and i s  focused  t o  a p o i n t  
a t  t i i d  s u r f a c e  of  t h e  o t h e r  m i r r o r .  Under p r o p e r  c o n d i t i o n s ,  a 
saall  b r i g h t  s p o t  appea r s  on t he  e n t e r i n g  m i r r o r ,  w i t h i n  t h e  o r i g i n a l  
C O i l e .  T h e  p o s i t i o n  o f  t h i s  s p o t  (and one a t  a p i n t  symmetric about  
t h e  c e n t e r  of t h e  m i r r o r )  depends on t h e  wavelength  of  t h e  l a s e r  
l ig-r i t .  The r e l a t i o n s h i p  between t h e  spo t  p o s i t i o n  and t h e  l a s e r  
wa\?c . lenqth  i s  i n v e s t i g a t e d .  
S ince  the v e r t e x  of  t h e  incoming cone of  l i g h t  does  n o t  move, 
t h d  c h m g e  i n  s p o t  p o s i t i o n  can  be t r a n s l a t e d  i n t o  a c h a g e  i n  ang le ,  
The r e s o n a n t  r a y  can be made t o  f a l l  on a p r i s m  which s2lits it 
i n t o  170 p a r t s ,  each of  which i s  measured by a p h o t o m u l t i p l i e r  (see 
fic; .  1) . L i p s e t t  and Lee' p u t  t h e  ou tpu t  from tiie p h o t o n u l t i p l i e r s  
thrGLgJ a d i f f e r e n t i a l  a m p l i f i e r  and a p i e z o e l e c k r i c  t r a n s d u c e r  which 
c o r i t r o l l e d  t h e  m i r r o r  spac ing  of t h e  l a s e r  i t s e l f .  
c o n f o c a l  r e sona to ;  a c t e d  a s  an o p t i c a l  d i sc r iminLcor  whose o u t p u t  was 
u s s d  t o  s t a b i l i z e  t h e  wavelength of t h e  l a s e r  sou rce .  
I n  t h i s  way, the 
' L i p s e t t ,  M . S .  and L e e ,  p , ~ .  "Laser  Wavelength S t c A i l i z a L i o n  w i t h  a 
P a s s i v e  I n t e r f e r o m e t e r "  
i n  o rde r  t o  c a r r y  o u t  t h e  a n a l y s i s ,  w e  m a k e  sone  s i m p l i f y i n g  
assumst ions .  W e  s h a l l  c o n s i d e r  t h e  cone of l i g h t  t o  be a bund le  of  
r a y s ,  and shall assume t h a t  t h e  c e n t r a l  r a y  i s  i n  t h e  same p l a n e  as 
t h e  a x i s  of the  r e s o n a t o r  system. W e  t h e n  c o n s i d e r  o n l y  t h i s  p l a n e .  
I The ray picture gives a s imple  e x p l a n a t i o n  for the b r i y h t  s p o t s  when 
t h e  r a y s  r e t r a c e  themselves .  W e  t h e r e f o r e  look f o r  s i t u a t i o n s  where 
t h e  r a y s  r e t r a c e  themselves ,  o r  n e a r l y  so. 
Ln g e n e r a l ,  w e  have t h e  c a s e  shown i n  F ig .  2. A s i n g l e  r a y  
l i s t s  p o i n t s  Y1 ... Y5, which a r e  t h e  s u c c e s s i v e  h e i g h t s  of  t h e  
reflected ray. Assuming t h a t  t h e  r a y  r e t r a c e s  i t s e l f  impiies: 
Y 1  = Y3 = Y5 
Y2 = Y4 (1) 
L = 2 [ ( A +  D) 'I2 + (A - D) 1 /21  
I 
These c o n d i t i o n s  y i e l d  a p a t h  l e n g t h :  
where 
A = 3R2  + E 2  - 2ER + 2R (E-R) (B+C) + 2R 2 BC 
D = 2 Y  Y 1 2  
where i n  t u r n  E i s  the a x i a 1 , d i s p l a c e m e n t  of  t h e  m i r r o r s  minus t h e i r  
r a d i u s  of c u r v a t u r e  and 
For  resonance,  there must be an i n t e g e r  N such  t h a t :  
Nh = L ( 3 )  ( A  - wavelength of incoming l i g h t )  
These equa t ions  de t e rmine  N h  from yl, y2, R, E. However, S a t i s f y i n g  
c ,ua t ions  (1) does not ,  i n  genera l  mean s a t i s f y i n s  t h e  law of re- 
--Icctions.  F ig .  3 i n d i c a t e s  t h a t  Lx a given ~ - 1 u r a l l c 1  ray and s 
Ti\rciI r ad ius  R,  t h e r e  i s  some mi r ro r  displacemeat, hence an E ,  
FGI v.iich that ray  r e t r a c e s  i t s e l f .  To c a l c u l a t e  t'ne r e l a t i o n s h i p s ,  
f iq - J yields : 
s i n  a = Y /R 
2 -1/2 (4Y2 + x ) 
s i n  b/2= ( (1-cos b) /2) 1/2 (4) 
The yl:r,uirement t h a t  s i n  a = s i n  !2 determines X. 
2 
( r i G r x a > r s  closer than confocai)  and t h a t  E v a r i e s  a-,>->roximately with 
t'rs s - u a r e  of Y. Denote ti.e E whic3 causes a pz:-i.LleL r ay  a t  h e i g h t  
Since t h e r e  a r e  no o t h e r  'IOi'J,GUS" rays which Y' Y ;'?,race by E 
Then f o r  ralrs 2lose t o  r and E 
To g ive  an 
Y' Y t k e  <..---&-s a t  Y. C a l l  t h i s  zay r 
C L G S d  to Ey8 \re have rays  Learly r e t r a c i n g  themselves. 
estiz,:: of how c l o s e  h ray a c t u a l l y  comes t o  r e t r a c i n g ,  we de f ine  
a ZG: r a d i u s  t o  be h z l '  t h e  length  of t h e  cord whose (maximuin) 
G i s t m c e  TLCJ t h e  rniyror sclrface is  7\14 (see ficj-. 5:. 
i 6) s ~ i ;  r a 2 i u s  = rs = i , /2 ( 2 h R  - h2) 1./2 
For A= 6 3 2 8 A ,  r was of t h e  o rde r  -17 1n.m. This I s  1a qood agreement 
S 
W i t ; ; l  ti72 node s i z e  f o r  i cxnfocal c a v i t y  as def ined by BclTd & Gordon2. 
2 3 ~ ~ ~ ~ ,  G.D. and Gordon,,:'.&>. "Confocal biiiltimode Resonator :G-- Nil- 
ii:;.c=teL t h r u  Dptical  Wavelength ;vIasers, B e l l  Sys tem Lls-zna;, Mar. 
l56i, page 497. 
A computer program was w r i t t e n  which f o r  a given R,E and 
i n i t i a l  yl, Y2 ,  gave values  of A, and Y2 on each successive bounce, 
and determined how many t o t a l  passes  (4 bounces f o r  each pass)  t he  
given ray  made before  one of t h e  va lues  of Y1 o r  Y 2  w a s  one spo t  
r a d i u s  away from t h e  i n i t i a l  values .  Fig.  6 shows t h e  r e s u l t s  Of 
t h e s e  cozputat ions f o r  var ious  va lues  of the parameter. Note t h a t  
t h e  w i d t h  of t he  peak decreases  w i t h  i nc reas ing  IZ; (Center of cone 
f a r t h e r  o f f  a i s ) .  This  suqcests taki..g the c e n t e r  ray  f a i r l y  c l o s e  
t o  t h e  ax i s  ( b u t  no t  f a r  enough away t o  avoid overlapping s p o t s ) .  
Thus equation (2)  i s  reasonably v a l i d  for riear Sarallel  
rays  f o r  t h e  proper E. Therefore we c a l c u l a t e  exac t ly ,  and 
a l s o  using t h e  approximations: 
da/dh = N / [(A-D)-ll2 (-2Y2-2(E-R)Y, /BR - 2Y- A. C/,)+ (A+D)?1/2 
(2yZ  - 2y1 (E-R) /BR - 2yi c ) 3 (7) (syxbols as before)  
/b 
and 
da/dh (approx) = 2R3 (yl y2 + 23 R YJ1 / h  
Y o  For h near  6328A and p a r a l l e l  rays  r E w a s  v a r i e d  near  E Y' 
dh/dO = 0,  
Y dh/d8 (exact)  vs.  E i s  shown i n  f i g .  7.  For E= E 
Y' 1.e. = 0 3 .  Therefore  w e  wish t o  choose E f a i r l y  near  E 
b u t  no t  t o o  c lose  i n  order  t o  have both r e t r a c i a g  r ays  any. good 
reso lu t ioL.  A l s o  n o t e  t h a t  t h e  s lope  of dh/de v s  E ii-.creases wi th  
inc reas ing  Y. Thus working c l o s e  t o  t h e  a x i s  e n s i e s  one t o  have 
Y' 
' 
a l a g 2  dh/dJ w i t h  E nearer  E 
d"/dh g i v e s  a measure of t h e  s e n s i t i v i t y  of t h e  o p t i c a l  d i s -  
cziminator .  Tilerefore we  want t o  have a s u i t a b l e  magnitude. 
"/dh=O i n e a n s  no change i n  angle f o r  a s h i f t  i n  wavelength, and 
I 
1 cia 
/ dh=a  m e a n s  no change i n  wavelength f o r  a given angular  change. 
For a ce,itral ray  a t  heiqhc y1 f i g .  6 g ives  t h e  m a x i a u m  s h i f t  i n  Y1 
that will g i v e  a s p e c i f i e d  number of  passes  thzouyh the resonator .  
h rr;c;st St? ( ex te rna l ly )  iield t o  about 1 p a r t  i n  7 x I O 5  ( t h e  va lue  
of 2 i n  cq. 7 ) ,  s i n c e  i f  ,\ changes by more than L ~ L S  aiiount, N w i l l  
chaii:;i?, a d  the discr iminacor  will attempt t o  s t a b i l i z e  a t  a new A. 
A c t u d  best  va lues  f o r  d'/2;1 w i l l  depend upon how x c u r a k e l y  it is 
Sossinie t o  b u i l d  a resonator  with a p a r t i c u l a r  E ,  s i n c e  E L :ermines 
t h e  zc-ntra: ray r 
I 
( f i g  4) and thus  t h e  maximum all\,wdble s h i f t  i n  Y1. Y 
i4aily thanks a r e  d u e  20 J. GI Atwood, D r .  J. Z. Igden, P .  H. Lee ,  
anc, L. 5 .  L i ; ? s e t t  whose i3eas l e d  d i r e c t l y  t o  t h e  wo;k described 
he r s in .  A l s o  h e l p f u l  was :he experimental demonstration by V. W. Luban. 
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APPENDIX D 
A PHASE COMPARISON OPTICAL DISCRIMINATOR 
by 
Paul  H .  Lee and Michael L. Skolnick 
D - i 
A Phase Comparison O p t i c a l  Discr imina tor  
Paul H. Lee and Michael L .  Skolnick 
The Perkin-Elmer Corporat ion,  Norwalk, Connect icut  
The frequency of a laser o s c i l l a t o r  may be s t a b i l i z e d  by s l av ing  i t  t o  
the  resonance of a pass ive  re ference  cavity. '  
method f o r  genera t ing  the  error s i g n a l  needed t o  c o n t r o l  t h e  laser frequency. 
The technique employed i s  an o p t i c a l  analog of t he  A-C Pound S t a b i l i z e r  o f t e n  
This  let ter desc r ibes  a new 
used t o  improve t h e  frequency s t a b i l i t y  of tunable  microwave sources .  223 
The technique devisctd does not  modulate the  laser frequency. The output  
l i g h t  w i l l  t he re fo re  DP, u s e f u l  f o r  narrow bandwidth a p p l i c a t i o n s .  It a l s o  
does not  modulate the  length  o f  t h e  re ference  c a v i t y .  This  c a v i t y  can the re -  
fo re  be b u i l t  t o  take f u l l  advantage of the  most s t a b l e  materials and s t r u c t u r e s .  
F igure  1 shows t h e  t ransmiss ion  and t h e  o p t i c a l  phase s h i f t  as a func t ion  
of frequency of t he  l i g h t  passing through a resonant  c a v i t y .  Because the  t r a n s -  
mission func t ion  i s  symmetric about the resonance, i t s  d i r e c t  use  as a frequency 
d i sc r iminan t  is  complicattld by s i g n  ambuigity. The o p t i c a l  phase s h i f t  func t ion  
however, is no t  symmetric about t h e  resonance c e n t e r .  It can be used t o  gener- 
ate an  unambiguous e r r o r  s i g n a l  when compared wi th  r e fe rence  l i g h t  of t h e  proper  
phase and amplitude.  We have b u i l t  an o p t i c a l  d i sc r imina to r  which conver t s  t h i s  
phase s h i f t  information t o  a frequency e r r o r  s i g n a l .  
are desc r ibed  below. 
The appara tus  and r e s u l t s  
A two arm (Mach-Zehnder) in te r fe rometer  was used as t h e  necessary phase 
measuring br idge.  A diagram of the  apparatus  i s  shown i n  F igure  2 .  
- 1- 
Following the  f i rs t  beam s p l i t t e r ,  one arm of  t h e  in t e r f e romete r  conta ined  
the  passive re ference  c a v i t y .  The o t h e r  provided the  re ference  l i g h t  and i n  
add i t ion  contained an o p t i c a l  phase modulator t o  be d r iven  by the  r e fe rence  
s i g n a l  from a synchronous d e t e c t o r .  The beams from both anus of t he  i n t e r f e r -  
ometer were recombined a t  t he  second beam s p l i t t e r .  The recombined beam was 
de tec ted  by the  photomul t ip l ie r  which i n  t u r n  furn ished  t h e  input  s i g n a l  f o r  
t he  synchronous d e t e c t o r  as shown. 
The br idge  w a s  i n i t i a l l y  balanced i n  t ransmiss ion  and phase so t h a t  when 
the  l a s e r  was manually tuned t o  the  c e n t e r  of t h e  c a v i t y  resonance t h e  beams 
from both arms i n t e r f e r e d  d e s t r u c t i v e l y .  
detuned from the  c e n t e r  of t h e  c a v i t y  resonance, t h e  phase of t h e  l i g h t  from 
the  arm conta in ing  t h e  c a v i t y  changed r ap id ly .  The r e s u l t i n g  i n t e n s i t y  change 
i n  the  br idge output  w a s  p ropor t iona l  t o  t h e  change i n  laser frequency. The 
o p t i c a l  phase modulator wa; then turned  on and r e s u l t e d  i n  a s i n u s o i d a l  i n t en -  
s i t y  modulation of t he  br idge  output  beam p ropor t iona l  t o  t h e  laser detuning 
from the c a v i t y  resonance. The phase of  t h i s  modulation wi th  r e spec t  t o  t h e  
modulator d r i v e  s i g n a l  reversed wi th  t h e  s i g n  r e v e r s a l  o f  t h e  laser detuning.  
This  phase and i n t e n s i t y  information w a s  converted by t h e  synchronous d e t e c t o r  
t o  be t h e  f i n a l  e lec t r ica l  d i sc r imina to r  ou tput  s i g n a l .  
When t h e  laser frequency was then 
The in t e r f e romete r  w a s  i l l umina ted  by a 150 pwatt  s i n g l e  mode, He-Ne laser 
(A = 6328i). 
c a v i t y  with a fused s i l i c a  spacer .  
(100 kHz) o p t i c a l  phase modulator.  
ac ross  the c a v i t y  resonance by a sawtooth vo l t age  app l i ed  t o  a p i e z o e l e c t r i c  
t ransducer  moving the  laser mi r ro r .  
One arm of t h e  i n t e r f e r o m e t e r  conta ined  a l O c m  long r e fe rence  
The o t h e r  arm conta ined  a r e sonan t ly  d r iven  
The ou tpu t  frequency of  t h e  laser w a s  swept 
-2- 
The r e s u l t i n g  oil! pi i t  s i g n a l  from the synchrnnoiis d e t e c t o r  i s  shown i n  
the  upper t r a c e  of F igure  3 as a func t ion  of laser frequency. The lower t r a c e  
shows the  simultaneoiis t r ansmi t t ed  i n t e n s i t y .  The h o r i z o n t a l  scale of  t he  
photograph is  60 mllz p e r  d i v i s i o n .  The 100 kHz c a r r i e r  has  n o t  been f i l t e r e d  
o u t .  The upper trace of t h e  photograph shows the  d e s i r e d  d i s c r i m i n a t o r  shape 
a s  t he  laser frequency passes  through t h e  c a v i t y  resonance. 
An a d d i t i o n a l  ad\rantage of t h e  system descr ibed  i s  t h a t  i t  ope ra t e s  w i t h  
a dark f r i n g e  a t  the  photodetec tor .  This results i n  reduced sho t  n o i s e  i n  the  
d e t e c t o r  and permits  I I S C  i n  se rvo  systems wi th  correspondingly h ighe r  ga in  band- 
width products .  
- 3- 
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Fig. 1 - Transmission and Optical Phase Shift of A Passive Resonant 
Cavity. 
Half Transmission. 
Fo is the Resonant Frequency. AF is the Linewidth at 
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Fig. 3 - Discriminator Output and Transmitted Power As Functions of 
Frequency. 
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